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The Maestrichtian Lewis Shale in the eastern Greater Green River basin (GGRB) 
of southwestern Wyoming and northwestern Colorado consists of interbedded shale and 
sandstone deposited in shallow to offshore-marine environments during the final 
transgressive-regressive cycle of the Cretaceous Epeiric Seaway.  Sandstones within the 
Lewis Shale have produced approximately 892 billion cubic feet of gas (BCFG) and 8.7 
million barrels of oil or condensate (MMBC).  Recent assessments of undiscovered 
Lewis Shale gas indicate that resources range from 9.7 to 13.7 trillion cubic feet of gas, 
with significant potential for additional reserves development during the next 30 years.  
Data from previously published studies and investigations conducted by Colorado 
School of Mines Lewis Shale Consortium students were compiled in a computer database 
to facilitate analyses. The data from earlier studies are integrated utilizing a petroleum-
system approach, with emphasis on stratigraphic framework and characterization of 
reservoir and source rocks.  
The stratigraphic framework was established from analyses of numerous Lewis 
Shale studies that identified marker horizons that can be correlated throughout the 9,300 
mi2- (24,000 km2-) study area within the eastern GGRB. Tops from over 1,000 wells and 
outcrop localities were compared. The Lewis Shale generally thins across the study area, 
from a maximum of about 2,600 ft (792 m) thick in the east to about 300 ft (91 m) thick 
in the west. This thinning pattern reflects the position of the study area on the western 
margin of the Cretaceous Epeiric Seaway. 
Correlations of 2 lower Lewis Shale interval bentonite marker horizons resulted in 
interpretations of new structure and isopach maps. Isopach map anomalies indicate that 
syndepositional tectonics played a major role in influencing lower Lewis Shale sediment 
dispersal patterns over much of the study area, and impacted distribution patterns of both 
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reservoir and source rocks. Thin anomalies occur in the area of the ancestral Lost Soldier 
anticline, the Carlisle high, and along the Cherokee Ridge arch. Thick anomalies occur in 
the Lewis trough, on the northeast flank of the Rock Springs uplift, and along the 
southern margin of the Sand Wash basin. Regional stratigraphic interpretations that 
neglect the influence of syndepositional tectonics are probably incorrect. 
Reservoir characterization focused on Hay Reservoir field because of the 
availability of core and the most complete set of modern log data. Hay Reservoir has 
produced the second largest gas volume of Lewis Shale fields, with cumulative 
production totaling 120 BCFG since 1977. Condensate production of 1.6 MMBC at Hay 
Reservoir is the largest cumulative liquid total of all Lewis Shale fields. Hay Reservoir 
ultimate recovery is estimated to be 160 BCFG based on decline-curve analyses of 
combined gas and condensate production. The original gas-in-place volume is estimated 
to be 221 BCFG. 
Production at Hay Reservoir is dominantly from one interval, informally known 
as the “F” sandstone. Initial “F” sandstone reservoir pressure was 6,349 psi (43.8 MPa), 
about 2,000 psi (13.8 MPa) above normal hydrostatic pressure at the average reservoir 
depth of 10,000 ft (3,048 m). The average reservoir temperature is 205o F (96oC).   
 The lobate-shaped area of the “F” sandstone is approximately 10,300 acres (41.7 
km2). Core studies indicate that the “F” sandstone is comprised of multiple amalgamated 
sandstone units that range from about 1 to 13 ft (0.3 to 4 m) in thickness. “F” sandstone 
total thickness ranges from 0 to 78 ft (24 m). The updip pinchout of the “F” sandstone is 
responsible for the stratigraphic trap at Hay Reservoir, the same trapping mechanism of 
most Lewis Shale fields. 
The most common sandstone lithofacies comprises about 40 to 90 percent of “F” 
sandstone cored intervals and is characterized by a generally structureless appearance. 
The attributes of this and the associated lithofacies are consistent with a turbidite 
depositional origin for the “F” sandstone. The generally structureless sandstone 
lithofacies was determined to have the best reservoir characteristics, with average 
 
 - v - 
porosity of about 9 percent and average air permeability (not Klinkenberg corrected) of 
about 0.08 millidarcies, measured under ambient confining stress. “F” sandstone 
permeabilities measured under in situ overburden stress conditions were reduced 40 to 50 
percent compared to measurements conducted under ambient confining stress conditions. 
Petrographic studies demonstrate that the “F” sandstone is a lithic arenite and that 
porosity is dominantly primary in origin. Optical-based petrographic porosity estimates 
were consistently less than core-plug measured porosities. This is attributed to 
microporosity, which may comprise more than 50% of total porosity. Discrepancies 
between primary and secondary porosity development described in previous petrographic 
studies are attributed to poor thin section preparation techniques and/or misidentification 
of plucked grains as secondary porosity.   
Natural fractures with one or more episodes of quartz and/or carbonate 
mineralization were identified in all of the “F” sandstone cores. More than 30 percent of 
the fractures were partially healed with open void space, indicated by the presence of 
euhedrally terminated quartz, carbonate or barite crystals. Fractures may be partially 
responsible for significant production variations observed between “F” sandstone wells. 
The timing of Hay Reservoir petroleum charging was determined by correlation 
to a nearby burial-history study. This correlation provides the basis for a model that 
explains production variations in the field. The model suggests that charging by early 
thermogenic gas preserved reservoir quality in paleostructurally high positions by 
preventing precipitation of authigenic clay. Wells located in the paleostructurally low 
southeastern portion of the “F” sandstone perform poorly, probably because of an 
increased amount of pore-lining illite clay. The model is applicable to future Lewis Shale 
field development and exploration programs. 
New analyses were performed to augment source-rock data compiled from 
published and unpublished sources. A continuous core sampling methodology provides 
more representative total organic carbon (TOC) values compared to traditional spot 
sampling. There is a good correlation between TOC data obtained using continuous 
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sampling procedures and normalized gamma-ray logs. Analyses of gamma-ray logs from 
65 wells led to the development of a regional average TOC map for the Asquith Marker 
interval, an 8- to 43- ft (2- to 13-m) thick condensed zone that contains the highest 
concentration of TOC in the lower part of the Lewis Shale. Asquith Marker average TOC 
values range from 0.7 to 3.3 weight percent and vary with lower Lewis Shale thickness 
changes. The central region of the study area, where the lower Lewis Shale is uniformly 
thin and clastic input was least, has the highest average TOC value. Lower average TOC 
values occur in the northern and southern study area, where thick lower Lewis Shale is 
developed due to higher sediment input and greater accommodation. 
Thermal maturity of the Asquith Marker ranges from vitrinite reflectance values 
of 0.5 to 2.3%, estimated from analyses of carbonaceous shales in the Lewis Shale and 
coals in associated intervals. The average TOC and thermal maturity maps suggest that 
the Asquith Marker interval contains sufficient organic matter at appropriate levels of 
thermal maturity to have generated petroleum. Mature organic-rich shales above the 
Asquith Marker interval are also found closely associated with the “F” sandstone interval 
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Significant volumes of petroleum have been produced from Lewis Shale 
conventional and unconventional reservoirs in the eastern Greater Green River basin 
since the first field was discovered in 1954. Recent assessments of undiscovered Lewis 
Shale unconventional gas resources indicate significant potential for additional reserves 
to be developed within the next 30 years.  
This study utilizes a petroleum system characterization approach to integrate 
previous published studies and work conducted by other investigators at the Colorado 
School of Mines Lewis Shale Consortium.  The data were compiled in a GeoPlus Petra® 
geological software database to facilitate integration of the earlier studies.   
 
 
1.1. Study Area Location, Accessibility, Population, Climate and Physiography 
 
The study area is located in south-central Wyoming and northwestern Colorado 
and is indicated on a shaded relief map of the region (Figure 1.1). Major drainage 
systems, lakes and reservoirs, towns, state and county boundaries, major access roads and 
Interstate highways within the region are also indicated on the map.  
The study area is sparsely inhabited and towns with populations greater than 
1,000 are indicated with dots (Figure 1.1). Rock Springs, Wyoming (estimated 26,000 
residents) is the largest town in the study area vicinity and most other towns have 
significantly smaller populations.  The towns of Bairoil, Baggs and Dad are shown for 








































































































































Figure 1.1. Shaded-relief map of the study area region. The study area is indicated with 
the heavy red dashed line and is located within the eastern Greater Green River basin 
(GGRB) outlined with the dashed black line. State boundaries are dashed and dotted 
black lines, and county boundaries are dashed and dotted red lines. Some towns, 
highways and rivers are also shown. Modified from U. S. Geological Survey 
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The surface of the study area consists largely of high-elevation (6500 to 7200 ft, 
1980 to 2200 m), arid, sage-brush covered plains that have been worked as cattle  
ranches. Average annual precipitation in the area is about 10 in (25 cm), and average 
wind speed is 9 mph (14 km/hr). The Great Divide basin has no external drainage and is 
located along the continental divide. The Green River and its tributaries drain the 
Hoback, Green River, Washakie and Sand Wash basins to the west of the continental 
divide. The North Platte River and its tributaries drain the area north of the Great Divide 
basin to the east of the continental divide.  
The study area covers approximately 9,300 mi2 (24,000 km2) and is contained 
within the Greater Green River basin (GGRB) (Figure 1.1). The GGRB encompasses an 
area of approximately 23,600 mi2 (61,000 km2) and is bounded by the Wyoming Thrust 
Belt and several mountain ranges or uplifts. The boundaries and major structural 
elements of the study area, the GGRB sub-basins, and positive structural features are 
discussed in Chapter 2.  
 
 
1.2. Suitability of Lewis Shale for This Study  
 
The Lewis Shale in the eastern Greater Green River Basin of Wyoming and 
Colorado is well suited for this study because of significant previous work, excellent data 
availability, and several attributes outlined below:   
1. There are over 4,650 Lewis Shale well penetrations in the study area and much of 
the well data, including logs, cores, and production histories, have been obtained 
and loaded into a GeoPlus Petra® geological software database.  
2. Licenses for a variety of geological software (GeoPlus Petra®, MJ Systems 
LogSleuth®, Neuralog®, Petcom PowerLog®, and Petroleum Software 
Technologies NNLAP®) have been obtained by the Colorado School of Mines to 
facilitate manipulation and interpretation of the data. 
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3. Lewis Shale reservoirs are shale-bounded sandstones deposited as deep-water 
submarine fans and there are no internal unconformities, which minimizes the 
potential for diagenetic effects from subaerial exposure.  
4. Existing core and outcrop studies of the Lewis Shale sandstones indicate that 
there is limited lithofacies diversity (dominantly structureless, thickly-bedded 
sandstones). There is also a relatively narrow range of textural attributes as the 
sandstones are predominantly fine-grained, moderately sorted, with angular to 
sub-angular grains. Modal analyses indicate a relatively narrow range of 
compositions, within the lithic arenite category using the classification scheme of 
Pettijohn et al. (1973). The limited range of these attributes help simplify 
reservoir characterization. 
5. Recently published estimates of undiscovered gas resources within the Lewis 
Shale range from 10 to 13.7 TCFG (trillion cubic feet) (Doelger and Morton, 
1999; Hettinger and Roberts, 2005).  This study may provide considerable 
economic benefit if results can be used to explore for new Lewis Shale fields or 
improve exploitation of existing fields from an improved understanding of 
reservoir quality variations.  
 
 
1.3. Research Objectives 
 
Stratigraphic, sedimentological, petrophysical and geochemical data were 
compiled from previous outcrop and subsurface studies conducted by other Colorado 
School of Mines students who worked on the Lewis Shale Consortium from 1997 to 
2007. Data were also obtained from numerous published studies of the Lewis Shale, and 
some new data were acquired where necessary to address specific reservoir- or source-
rock-related questions. These data were assembled into a GeoPlus Petra® geological 
software database that facilitated examination of Lewis Shale rocks from a variety of 
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perspectives, ranging from basin to pore-throat scales. This study emphasized 
characterization of potential reservoir and source-rock facies. 
 
The primary objectives of this research are: 
 
1. Develop a stratigraphic framework for the Lewis Shale by integrating 
interpretations from previous studies to generate basin-wide maps of the most 
laterally continuous horizons to provide context for reservoir and source-rock 
studies.  
 
2. Understand controls on production variations evident at Hay Reservoir field by 
conducting petrographic and core-calibrated petrophysical analyses. 
 
3. Estimate Hay Reservoir original-gas-in-place volume and compare to decline-
curve based estimates of ultimate recovery to establish potential remaining 
reserves and recovery factors. 
 
4. Determine regional variations in total organic content of the Asquith Marker 
using core-calibrated geophysical logs to construct a regional map of total organic 
carbon content. 
 
5. Synthesize published and unpublished thermal maturity levels to assess whether 
the Asquith Marker is a potential source for Lewis Shale petroleum 
accumulations. 
 
6. Evaluate the total organic content and thermal maturity of the shales associated 
with the Hay Reservoir key productive sandstone to determine whether the shales 
provide a potential local source rock. 
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1.4. Research Contributions 
 
1. A laterally continuous marker at the top of the lower Lewis Shale, herein named 
the Weimer Marker Bentonite, was correlated throughout the eastern GGRB and 
provides the basis for new basin-wide structure and isopach maps.   
 
2. Isopach map anomalies identify there are several areas within the eastern GGRB 
where syndepositional tectonics influenced lower Lewis Shale sediment- 
distribution patterns. Thin anomalies occur in the area of the ancestral Lost 
Soldier anticline, the Carlisle high, and along the Cherokee Ridge arch. Thick 
anomalies occur in the Lewis Trough, on the northeast flank of the Rock Springs 
uplift, and along the southern margin of the Sand Wash basin.  
 
3. Ten lithofacies were identified in the Hay Reservoir cores: 5 sandstone and 5 
claystone. The generally structureless sandstone lithofacies was deposited as 
sediment gravity flows and is the dominant rock type, comprising about 40 to 90 
percent of the cored intervals. This lithofacies was also determined to have the 
best reservoir characteristics. 
 
4. Petrographic studies demonstrate that Hay Reservoir porosity is dominantly 
primary in origin. Discrepancies noted between previous petrographic studies are 
attributed to poor thin section preparation techniques and/or misidentification of 
plucked grains as secondary porosity. 
 
5. Natural fractures were identified in all of the cores described in the Hay Reservoir 
field key reservoir sandstone. More than 30 percent of the fractures were partially 
healed with open void space, indicated by the presence of euhedral quartz, 
carbonate or barite crystals.  
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6. The poor correlation between estimated ultimate recoveries and hydrocarbon pore 
volume at Hay Reservoir field may be attributed in part to the effects of fractures 
on productivity. The fractures may have a positive impact on productivity when 
partially healed and open. The fractures may also impact productivity negatively 
where associated with carbonate cementation.  
 
7. Paleostructure at the time when initial petroleum charging commenced at Hay 
Reservoir field differs from present-day structure. Early charging may have 
prevented later diagenetic destruction of the reservoir by impeding precipitation 
of pore-lining illite clay. This model provides a new explanation for variable well 
performance. 
 
8. Total organic carbon (TOC) analyses of a continuously sampled core interval 
through the Asquith Marker interval provided more representative results 
compared to traditional spot sampling methods. A good correlation exists between 
TOC and normalized gamma-ray logs. The relationship between TOC content and 
gamma-ray response was used to map the average organic content of the Asquith 
Marker interval in 65 study area wells. Asquith Marker average TOC values range 
from 0.7 to 3.3 weight percent. 
 
9. Published and unpublished vitrinite reflectance data were used to map the thermal 
maturity of the Asquith Marker in the study area. Thermal maturity of the Asquith 
Marker ranges from vitrinite reflectance values of 0.5 to 2.3 percent.  
  
10. Shales closely associated with the key reservoir sandstone at Hay Reservoir 
contain sufficient TOC at appropriate levels of thermal maturity to be an effective 
local source rock. 
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CHAPTER 2 




Lewis Shale deposition took place within the Cretaceous Epeiric Seaway from 
approximately 71 to 69 million years ago. The Lewis Shale generally thins across the 
study area, from a maximum of about 2,600 ft (792 m) thick in the east to about 300 ft 
(91 m) thick in the west. This thinning pattern reflects the position of the study area on 
the western margin of the Epeiric Seaway. The 2,600 ft (792 m) interval of Lewis Shale 
accumulated during a 2 million year period is a high rate of deposition for marine shale. 
Paleoclimate at time of deposition was much more temperate than the climate in the 




 2.1. Paleomagnetic Latitude and Paleoclimate 
 
The approximate position of the North American continent during the period from 
80 to 64 million years ago (late Cretaceous) is shown in Figure 2.1. The position of the 
continent was established by averaging the paleomagnetic poles determined by studies 
cited in Irving et al. (1993) at the locations indicated by the 5 dots in Figure 2.1.  The 
paleomagnetic data indicate that the study area was located about 5 degrees further north 
latitude during Lewis Shale deposition than at present. This is consistent with the less 
than 10 degrees northward latitude shift cited by Barker (2000) for the Wind River basin, 
located 100 mi (161 km) north of the study area, during the same time period. 
 
Figure 2.1. North American paleolatitude and Epeiric Seaway map for the Late        
Cretaceous showing approximate distribution of land (brown) and sea (light blue) 
during Lewis Shale deposition. Paleopole position determined from average of five 
paleomagnetic studies located at the black dots. The red areas indicate basins where 
Late Cretaceous rocks are present.  Study area indicated by yellow. Boundaries of 
Colorado, Wyoming and Utah shown for reference. Modified from Gill and Cobban 






80 to 64 MYBP
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Analyses of paleomagnetic latitudes, global distribution of climate-sensitive 
lithologies (e.g., red beds, evaporates, carbonate reefs, eolian and glacial deposits), flora 
and fauna have demonstrated consistent trends (Habicht, 1979).  The correlation between 
the paleomagnetic, geologic and paleontologic evidence indicates that the earth’s 
rotational axis (which controls latitude and climate) and the magnetic pole were in similar 
positions. Paleomagnetic latitudes are therefore useful in predicting paleoclimate. 
Barker (2000) presented a method in which mean annual surface temperatures can 
be estimated from considerations of paleomagnetic latitude and other factors including 
climate mode, paleogeography and elevation relative to sea level. Climate modes were 
characterized as “warm” for inter-glacial periods and “cool” for glacial periods, thus 
greatly simplifying the treatment of the global energy budget. The mean annual surface 
temperature at sea level determined for the study area during Lewis Shale deposition was 
70o F (21o C) using the method proposed by Barker (2000, his Figure 5). For comparison, 
the city of San Diego on the southern California coast has an average annual temperature 
of 70o F (21o C). Despite the 5 degree shift toward northern latitude, the study area was 
much warmer than present due to the inter-glacial climate mode and lower elevation. 
Coastal-plain lithofacies that are time-equivalent to the Lewis Shale (upper 
Almond and lower Fox Hills) frequently contain coal seams. The presence of coal is 
indicative of humid conditions conducive to the preservation of organic matter rather than 
specific temperature conditions (Barker, 2000). The paleoclimate of the study area during 
Lewis Shale deposition was not only much warmer but also much more humid than the 
climate today. The average annual temperature for Sweetwater County, Wyoming (Figure 
1.1) is 44o F (7o C) and annual precipitation is less than 9 in (23 cm), which is mostly in 
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2.2. Western Interior Epeiric Seaway 
 
The outline of North America is superimposed on the approximate distribution of 
land and sea at the end of Campanian time, when the Epeiric Seaway covered much of 
the continent (Figure 2.1). Initial flooding of the Epeiric Seaway was only from the north 
and commenced during the Valanginian (Kaufmann and Caldwell, 1993). The two 
marine arms connected during the early late Albian, and after a brief period (1 to 1.6 
million years or “m.y.”) during the latest Albian when the arms were separated, the 
connection between the Northern Boreal Sea and Gulf of Mexico prevailed for over 32 
m.y. (Kaufmann and Caldwell, 1993). The Lewis Shale is the last marine shale unit 
deposited in the study area as the Epeiric Seaway withdrew from the western interior. 
 The Epeiric Seaway was bounded on the west by a rising orogenic belt and 
volcanic highlands, collectively known as the Cordillera, which provided the majority of 
the sediment supplied to the basin (Kaufman and Caldwell, 1993). The eastern margin of 
the seaway was formed by the low-lying, stable platform of the North American craton. 
Placement of the eastern shoreline is uncertain, but Gill and Cobban (1966) found limited 
evidence for placing it further west than eastern Minnesota and Iowa. The projection of 
the Epeiric Seaway through northeastern Canada towards western Greenland is also 
hypothetical (Gill and Cobban, 1966).  
 
 
2.3. Biostratigraphy of the Epeiric Seaway and Age of Lewis Shale 
 
Paleontologic studies of rapidly evolving marine fauna have facilitated the 
accurate reconstruction of the Epeiric Seaway depositional history by providing a 
framework for correlations.  Base-level fluctuations caused by a combination of eustasy, 
tectonics, and sediment supply produced a record of complexly intertonguing marine and 
non-marine lithofacies.   
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Cobban and associates at the U. S. Geological Survey developed a detailed 
ammonite biozonation (e.g., Gill and Cobban, 1966; 1973) that is the most widely applied 
method for relative age dating of the Epeiric Seaway rocks (Krystinik and DeJarnett, 
1995). Absolute age dates for many of the ammonite biozones have been determined by 
radiometric dating (40Ar/39Ar laser fusion method) of sanidine-rich bentonites 
(Obradovich, 1993). Due to variable evolution rates, the time periods represented by each 
ammonite biozone range from a minimum of about 0.3 m.y. to 0.7 m.y. The Lewis Shale 
in the study area was deposited during four ammonite biozones (from oldest to youngest: 
Baculites eliasi, Baculites baculus, Baculites grandis, and Baculites clinolobatus) that 
spanned the time period from about 71.1 million years ago (“Ma”) to 69.42 Ma (±0.37 
m.y.) (Obradovich, 1993, his Figure 5). The biostratigraphic and chronostratigraphic 
framework of the Lewis Shale and associated intervals will be discussed in Chapter 3. 
The distribution of basins where Campanian-Maestrichtian rocks, including Lewis 
Shale time-equivalents, are present is shown in Figure 2.1. The map is based upon 
biostratigraphic studies compiled by Krystinik and DeJarnett (1995). Note that some 
areas where Campanian-Maestrichtian rocks were mapped by Krystinik and DeJarnett 
(1995) include nonmarine lithofacies, which required use of palynomorphs or non-marine 
fauna rather than ammonites to constrain correlations. Gill and Cobban (1966; 1973) and 
Gill et al. (1970) demonstrated that the Lewis Shale and ammonite biozone-equivalent 
marine units (portions of the Bearpaw Shale and the upper Pierre Shale) are present 




2.4. Regional Tectonic Setting 
 
The Greater Green River basin (or “GGRB”) and the approximate area of this 










































































































Figure 2.2. Greater Green River basin ("GGRB") regional structure and Lewis Shale 
fields map. Yellow shading = approximate GGRB outline. Black dashed line = study 
area outline. Red areas = Lewis Shale fields. Green areas = Lewis Shale outcrops. Pink 
"+" symbols = basement outcrops. Brown lines = faults (sawteeth on thrust fault hanging 
walls and bars on normal fault footwalls, dashed where approximate). Sub-basins 
indicated by light blue text. Basement-involved uplifts indicated by orange text. 
Modified from: Hettinger and Roberts (2005); Green (1992); Green and Drouillard 
(1994); Montgomery (1996); Tyler et al. (1994); Roehler (1977). Field outlines 
determined from information provided by I.H.S. Energy Group (1999).
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Lewis Shale outcrops dip toward the Great Divide, Washakie and Sand Wash sub-basins, 
except where folded around the north to northwest flank of the Rock Springs uplift. The 
approximate productive limits of most Lewis Shale fields are indicated. 
The GGRB is almost completely surrounded by thrust or high-angle reverse faults 
that dip away from the basin center. The basin is internally structurally complex and 
contains five large basement-involved structural uplifts. These uplifts subdivide the 
GGRB into five sub-basins. The margins and the internal structural features of the basin 
are the result of compressional deformation that took place during the Laramide orogeny 
(Law et al., 1989).  
The current GGRB margins do not reflect the structural configuration under 
which Lewis Shale deposition occurred in the Epeiric Seaway. The Lewis Shale thins 
across the study area from a maximum of about 2,600 ft (792 m) thick in the east to about 
300 ft (91 m) in the west. This regional thinning pattern reflects the position of the area 
along the western margin of the Epeiric Seaway and is the result of lateral facies changes 
from open-marine Lewis Shale to shallow-marine upper Almond and Fox Hills 
sandstones. The westernmost edge of the Lewis Shale is approximately 17 mi (27 km) 
west of the axis of the Rock Springs uplift (Hettinger and Roberts, 2005) and is believed 
to be primarily a depositional limit. Truncation removed the Lewis Shale east of the 
GGRB, but the Lewis is preserved approximately 15 mi (24 km) to the east where it dips 
below the unconformity into the Hanna basin. Several studies have demonstrated thinning 
of the Lewis Shale around the basin margins and associated with structures within the 
basin. These studies will be discussed in more detail in Chapter 3.  









Stratigraphic studies of the Lewis Shale have identified marker horizons that can 
be correlated over large areas of the eastern Greater Green River basin (GGRB). Tops 
from over 900 wells and outcrop localities were compiled in a geological software 
database to facilitate comparison of the marker horizon correlations, determine which are 
the most laterally persistent, and attempt to resolve the confusion that has developed from 
numerous informal stratigraphic terms that have been proposed.  Basin-wide correlations 





Cross and Spencer (1899) initially proposed the name “Lewis Shale” for a marine 
shale interval that crops out above the Mesaverde Group in southwestern Colorado near 
Fort Lewis. Fenneman and Gale (1906) provisionally adopted the names “Lewis Shale” 
and “Mesaverde Formation” for outcrops in northwestern Colorado because of the 
similarity to the stratigraphic succession of units described in the southwestern part of the 
state. Although subsequent work indicated that the units are not correlative (Reeside,  
1924; Weimer, 1959, 1960), the name Lewis Shale has been retained in Wyoming and 
northwestern Colorado because of long-standing usage in the region (Gill et al., 1970). 
The Lewis Shale generally is conformable with the underlying shallow-marine 
and nonmarine Almond Formation (Figure 3.1). There are two areas where an 
unconformity at the base of the Lewis Shale has been identified. Reynolds (1976) 
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on the northeastern flank of the Great Divide basin. Figure 3.2 is a stratigraphic cross 
section that illustrates multiple unconformities and onlapping relationships that were 
interpreted by Reynolds (1976, his Figure 7) to indicate recurrent movement. Van Horn 
(1979, his Figure 51, his Plates 3 to 5) identified 60 to 80 ft (18 to 24 m) of truncation of 
the upper Almond in an outcrop and subsurface study along the east flank of the Rock 
Springs uplift. Van Horn (1979) interpreted the lower Lewis Shale in this area to rest 
unconformably on the middle Almond. The contact of the Lewis Shale with the overlying 
shallow-marine Fox Hills Formation is conformable (Land, 1972). The Paleocene 
unconformity truncates the Lewis Shale in the southwestern part of the study area and is 
discussed in more detail in Section 3.5.7. 
Gill et al. (1970) informally subdivided the Lewis Shale into three parts (Figure 
3.1). The lower part consists of black shale, the middle part, or Dad member, is 
predominantly sandstone, and the upper part is silty to sandy dark- to olive-gray shale. 
Hale (1961) proposed the name “Dad member” for a 1,420-ft (433-m) thick interval of 
interbedded sandstone and minor shale within the Lewis Shale at the Union Texas Gas 
Company Dad Unit #2 well (NW Sec. 13, T16N, R93W). The type log for this study 
(Figure 3.1), is from the Snyder Oil Corporation Barrel Springs #7-22 well (NE Sec. 22, 
T16N, R93W), located within 2 mi (3.2 km) of the Dad Unit #2 well, and exhibits similar 
sandstone development. The Barrel Springs well is shown instead of the Dad Unit well 
because a gamma-ray log was available. 
 
 
3.2.  Published Stratigraphic Studies 
 
Weimer (1960, p. 3) summarized the work that many investigators carried out on 
Upper Cretaceous rocks throughout the Rocky Mountain region, including the Lewis 
Shale in the study area. Weimer (1960) published six regional diagrammatic restored 
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version of Weimer’s regional cross section from Asquith (1970) that extends generally 
east-west across Wyoming.  Weimer (1960) corroborated the early Upper Cretaceous 
correlations, equivalent to the Hilliard Shale and Niobrara Formation and older units 
shown on Figure 3.3, with biostratigraphy. Late Upper Cretaceous correlations were 
based on careful subsurface and outcrop tracing of the intertonguing marine and non-
marine lithogenetic units or facies. The different colors shown on Figure 3.3 indicate the 
four principle facies identified by Weimer (1960) in the Upper Cretaceous sediments.   
The dominant stratigraphic architectural pattern that Weimer (1960) recognized 
within the Rocky Mountain Upper Cretaceous rocks was a complex intertonguing of 
marine and non-marine facies.  He interpreted this pattern to reflect the deposition of four 
major transgressive-regressive cycles (Figure 3.3). Weimer (1960) demonstrated that the 
Lewis Shale in the Greater Green River basin is younger than the Lewis Shale in the San 
Juan basin, where the Lewis type locality is located.  The San Juan basin Lewis Shale 
was deposited during the third transgressive cycle (T3), whereas the Greater Green River 
basin Lewis was deposited during the final transgressive cycle (T4). 
Since Weimer (1960) established the regional stratigraphic framework for the 
Rocky Mountain Upper Cretaceous, there have been numerous studies on the Lewis 
Shale and associated intervals that have refined his work. The locations of key outcrop 
localities and stratigraphic cross sections that were included in published studies are 
shown on an index map (Figure 3.4). The locations of key outcrop localities and 
stratigraphic cross sections that were included in unpublished CSM Lewis Consortium 
studies will be discussed in Section 3.3.  
Lewis Shale fields are shown on Figure 3.4 for reference to the studies. I.H.S. 
Energy Group (1999) information used to delineate Lewis Shale field outlines has been 
partially updated in some of the important Lewis field areas, or areas of recent drilling 
activity, by information downloaded from the Wyoming Oil and Gas Conservation 
Commission (WOGCC) and Colorado Oil and Gas Conservation Commission (COGCC) 
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Figure 3.4. Key published Upper Cretaceous stratigraphic studies location map. Lewis 
Shale outcrops (green areas) from Green (1992) and Green and Drouillard (1994). Lewis 
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order in which they were published. The pairs of block arrows shown on the index map 
indicate cross sections that are included here as figures. Distribution of the Lewis Shale 
fields is discussed in Chapter 4.  
Hale (1961) constructed a schematic cross section that showed possible facies 
relationships within the Lewis Shale from the Rock Springs uplift to the eastern flank of 
the Washakie basin. He named the “Dad Member” of the Lewis Shale for the sandstone-
rich interval in the Union Texas Gas Co. Dad Unit #2 well indicated by the arrow next to 
the “Hale 1961” citation on Figure 3.4.  
Barlow (1961) published a series of cross sections located on the eastern flank of 
the Rock Springs uplift in which he correlated 5 bentonitic intervals in the lower Lewis 
Shale as well as the top of the Almond Formation. The correlations led to an 
interpretation of a regional thin due to a paleohigh that existed during lower Lewis Shale 
deposition in an area named the “Carlisle high.” The Carlisle high is discussed in more 
detail in Section 3.5.10.  McPeek (1981, his Figure 2) published a regional structure map 
of the Barlow (1961) “L-5” marker that extends over the eastern GGRB. 
Haun (1961) published a series of cross sections along the southwestern margin of 
the Sand Wash basin in northwestern Colorado. These cross sections provided an 
interpretation of stratigraphic relationships in a difficult-to-correlate area where the 
Upper Cretaceous section is progressively truncated by the unconformity at the base of 
the Paleocene Fort Union Formation. Haun’s (1961) cross sections also indicate 
depositional thinning of the entire Lewis Shale interval toward the southwest. 
Weimer (1966 and 1970) subdivided the Lewis Shale into 3 intervals by 
correlating continuous marker bentonites. Weimer defined these intervals as “time-
stratigraphic units,” bounded by bentonites, which are records of volcanic-ash falls that 
represent essentially an instant in geological time.  Weimer (1966) also utilized 
paleontologic methods to establish time surfaces and subdivide the interval immediately 
below the Lewis Shale in the upper Almond Formation.  Weimer (1966) pointed out the 
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importance of recognizing time-stratigraphic units, bounded by time surfaces defined 
using organic or inorganic correlation methods, in order to ensure accurate interpretations 
of depositional systems. 
 Figure 3.5 has been modified from Weimer (1966, his Figure 4) by eliminating 
all time-stratigraphic surfaces except the marker bentonite that was used as the datum.  
This datum is the most widespread bentonite marker in the Lewis Shale and can be 
correlated basin-wide (Weimer, 1966; Pasternack, 2005). This datum has also been used 
in several other stratigraphic studies including Asquith (1970) and Lickus and Law 
(1988). Pasternack (2005) proposed that this marker bentonite be named the “Weimer 
Marker Bentonite” because the first published use of this horizon as a datum was by 
Weimer (1965). A structure map of the marker bentonite is discussed in Section 3.5.7. 
Weimer (1970) interpreted the location of paleo-shorelines and deltaic 
depocenters from mapping lithologies and thicknesses of each Lewis Shale time-
stratigraphic interval. These maps interpreted the lower Lewis Shale as having been 
deposited in a marine embayment between two deltaic centers. The upper Lewis Shale 
had multiple deltaic sources located to the north, northeast and south.  
Asquith (1970) subdivided the Lewis Shale into a lower “transgressive part” and 
an upper “regressive part.” Bentonite marker correlations within the regressive part of the 
Lewis Shale and the overlying Fox Hills Sandstone interval indicated wedge-shaped 
intervals that were interpreted as depositional topography including shelf, slope and 
basin-floor environments (Figure 3.6). Subsequent stratigraphic interpretations have 
utilized this clinoform geometry model.   
Asquith (1970) created isopach maps of several different intervals within the 
regressive Lewis Shale—Fox Hills section that indicated a northern, northeastern and 
eastern sediment source. He named the northern source the “Red Desert” delta and the 
eastern source the “Dad” delta. Asquith (1970) interpreted some of the sandstones within 
the Lewis Shale to occur within the slope environment, but attributed them to deltaic 
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Figure 3.6. Stratigraphic cross section of upper Lewis Shale, Fox Hills and Lance showing lithofacies distribution and inclined bentonite marker correlations (solid color lines) interpreted as 
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estimated water depths during Lewis Shale deposition to have been a minimum of 1,200  
ft (366 m) by measuring the relief from the interpreted shelf edge to the basin and taking 
into account post-depositional compaction and water depth at the shelf edge. 
Gill et al. (1970) measured two reference sections of the Lewis Shale where it 
crops out on the eastern flank of the Washakie and Great Divide basins. They informally 
subdivided the Lewis Shale into three units (Figure 3.1). Gill et al. (1970) and Roehler 
(1990) provided a biostratigraphic framework useful for regional correlations within the 
study area. Roehler’s (1990) cross sections focused on Mesaverde Group stratigraphy and 
are not indicated on Figure 3.4.   
Early studies suggested that sandstones within the Lewis Shale were deposited in 
deltaic- or marine inter-deltaic (barrier island) environments. Winn et al. (1985 and 1987) 
were the first to describe sandstones associated with the Lewis Shale in the Great Divide 
and Washakie basins as high-density turbidites or sediment gravity flows, deposited in 
sub-storm wave base water depths of about 500 to 650 ft (150 to 200 m). Cain (1986) was 
the first to describe the Lewis Shale sandstones as turbidite deposits in the Sand Wash 
basin. Van Horn and Shannon (1989) provided the first detailed characterization of a 
Lewis Shale field, Hay Reservoir, including descriptions of sandstones deposited in 
lobate submarine fan geometries and petrophysical analyses.  Perman (1990) integrated 
biostratigraphic control between outcrop and subsurface data to map Lewis Shale 
paleogeography.  
Ross et al. (1995, their Figure 25) published a stratigraphic cross section of the 
Lance, Fox Hills, Lewis Shale and Almond Formations as part of their stratigraphic 
modeling study of basin-fill stacking patterns and gross lithology distributions. A slightly 
modified version of this cross section is shown in Figure 3.7. The 60-mi (97-km) long 
cross section was constructed from closely spaced wells whose locations are indicated by 
the short vertical lines at the top of the figure and utilized an unspecified floating datum. 
Numerous bentonite markers or highly conductive transgressive shales were interpreted 
to indicate that deposition took place during 20 depositional cycles or parasequences, 
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labeled “C1” to “C20” in Figure 3.7. Ross et al. (1995) stated that decompacted cross 
sections were used to map the 20 parasequences throughout the Great Divide and 
Washakie basin, but did not provide additional details. The Figure 3.7 cross section has 
not been decompacted (Hettinger, 2005, pers. comm.). 
Hettinger and Roberts (2005) published a regional 142-mi (228-km) long cross 
section that summarizes correlations from about 90 wells. The cross section showed 
interpretations of lithostratigraphy and depositional environments, including coastal 
plain, marine shoreface, offshore marine and deep-marine basin turbidites. The Hettinger 
and Roberts (2005) interpretation of marine sandstone body geometries indicated that 
shorelines prograded towards the south-southwest in the Great Divide and Washakie 
basin areas, and towards the northeast in the Sand Wash basin and Cherokee Ridge areas. 
 
 
3.3. Lewis Shale Consortium, Colorado School of Mines 
 
The Lewis Shale Consortium was initiated by Drs. R. Slatt and N. Hurley at the 
Colorado School of Mines (CSM) in 1997.  The project has benefited from the financial 
support and data contributions provided by many companies and individuals who are 
identified in the “Acknowledgements.” A total of 22 CSM theses or dissertations have 
been completed. Figure 3.8 summarizes the stratigraphic research performed by the CSM 
graduate students. Four earlier CSM graduate student studies are also considered 
relevant. Note that several Lewis Shale Consortium studies have been omitted from the 
map, including: seismic studies by Hull (2001) and Ysaccis (2003), field studies by Maraj 
(2003), and Juniarsyam (2004), borehole image analyses by Rahmat (2000) and 
Sunnetcioglu (2002), a petrologic study by D’Agostino (2004), and reservoir engineering 
studies by Maglio-Johnson (2002) and Stolz (2003).  The studies cited on Figure  






















































   



































































































































Figure 3.8. CSM Lewis Shale stratigraphic studies location map. Lewis Shale outcrops 
(green areas) from Green (1992) and Green and Drouillard (1994). Lewis Shale fields 












































Note: Cross section lines and outcrop locations   
(dots) are color-coded to match cited references. 
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The pairs of block arrows on the Figure 3.8 index map indicate selected lines of cross 
section that are included here as figures. 
Henderson (1962) mapped the bedrock geology of the Doty Mountain-Dad area, 
where a number of the Lewis Shale Consortium outcrop studies were later performed. 
Cronoble (1969a) characterized the reservoirs at South Baggs and West Side Canal fields 
(including the “middle sandy member” of the Lewis Shale) and identified two periods of 
post-Lewis uplift and truncation. Cronoble (1969b) is a condensed version of his thesis 
research. 
Land (1972) mapped and identified the depositional environments of four 
sandstone intervals within the Fox Hills Sandstone; the shallow marine (estuarine, littoral 
and shallow neritic) interval that overlies and intertongues with the Lewis Shale. The 
intervals were interpreted to represent one or more phases of shoreline stabilization and 
progradation with paleoshoreline trends oriented northeast to southwest.  
Van Horn (1979) interpreted significant tectonic activity during Almond and 
lower Lewis Shale deposition in his study area. Almond thickness and facies changes 
were interpreted to indicate syndepositional vertical movement on northeast trending 
faults. He identified an intra-formational unconformity that truncates up to 80 ft (24 m) of 
section within the Almond. He interpreted a reversal in tectonic style from uplift to 
down-warping for the area based upon westward thickening of the lower Lewis Shale. 
Several CSM studies described facies associations and sediment body types in the 
Lewis Shale outcrop belt on the eastern side of the Washakie basin (Witton, 1999; 
Witton-Barnes et al., 2000; Bracklein 2000). Pyles (2000) interpreted 21 high-frequency 
sequences along a 45-mi (72-km) long depositional-dip cross section, using outcrop, core 
and log data. He developed a sequence-stratigraphic model that related each deep-water 
sandstone interval to a high-frequency sequence boundary developed during a relative 
sea-level fall. This model was subsequently revised by Pyles and Slatt (2002) to an 
interpretation that sandstone depositional controls were primarily a function of tectonic 
activity rather than sea-level changes.  
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Zainal (2001) constructed 8 stratigraphic cross sections for a study of the Lewis 
Shale petroleum system in the northeastern Sand Wash basin. Hamzah (2001) constructed 
a stratigraphic cross section network utilizing tops data provided by L. Shannon 
(unpublished). Suryanto (2003) extended Hamzah’s work by creating a three-dimensional 
geologic model that led to gas-in-place volumetric calculations for 12 different Lewis 
Shale sandstone intervals. He inferred different orientations of paleocurrent directions 
from the gross sandstone isopach maps. 
Figure 3.9 is a color-filled stratigraphic cross section modified from Suryanto’s 
(2003) NS-4 section. The cross section is datumed on the laterally most persistent Lewis 
Shale condensed interval, the Asquith Marker. The Lewis Shale is the interval between 
the top of the Almond and the base of the Fox Hills with approximate formation 
boundaries indicated by the light blue lines. The color fill on Figure 3.9 is based upon 
normalized gamma-ray log data that Suryanto (2003) prepared as part of his volumetric 
calculations.  
The color fill between wells is controlled by the correlations of various sandstone 
packages interpreted by Suryanto (2003) and indicated by different colored thin lines. 
The heavy light blue dashed lines are superimposed on one of the lower sandstone 
packages for emphasis. The color-fill and interpretation scheme of Suryanto (2003) on 
Figure 3.9 implies depositional topography (“Basin floor” and “Slope” environments) for 
the sandstone and associated sediments within the Lewis Shale. In this scheme, 
sandstones tend to occur near the base of the slope, which is similar to the interpretation 
of Ross et al. (1995) and made evident by comparing Figures 3.9 and 3.7.  Note that 
Suryanto (2003) did not extend his sandstone correlations beyond the slope into shelf 
environments, due to the lack of continuity of the sandstones. 
Escalante-Flores (2002) constructed two regional cross sections to provide 
stratigraphic context for his studies of Lewis Shale sandstone petrology. The dot at the 
southeast end of one of Escalante-Flores’s cross sections is the location of the CSM 
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near the outcrop described by Witton (1999) to a depth of 1,699 ft (518 m) and an 
extensive data set, including 567 ft (173 m) of core, conventional and specialized logs, 
was obtained.  The Strat Test #61 well data set formed the basis for the petroleum 
engineering studies of Maglio-Johnson (2002) and Stolz (2003) and is a major component 
of the petrophysical study by Goolsby (2007).  
Minton (2002) constructed two regional cross sections as part of his Lewis Shale 
sediment transport direction study. He identified multiple sediment source directions 
from analyses of his cross sections, borehole image logs, cores and isopach maps. 
Minton’s (2002) cross sections show clinoforms that prograde both from the northeast 
toward the southwest as well as the opposite direction. He noted that regional two-
dimensional high-frequency sequence stratigraphic correlations would be prone to errors 
in the middle to upper Lewis Shale interval unless interfingering sedimentation was taken 
into consideration. 
Gonzalez (2003) measured an outcrop section just north of Bairoil and 
constructed a network of 20 regional stratigraphic cross sections.  Figure 3.10 is a 
depositional dip cross section modified from Gonzalez (2003, his Figure 4.19). The 
correlation lines indicate 21 marine flooding zones, labeled “FZ” on the cross section, 
which Gonzalez used to subdivide the upper Almond Formation, Lewis Shale, and Fox 
Hills into parasequences. Flooding zones 1 and 2 occur within the upper Almond  
Formation. Gonzalez (2003) attributed the flooding zones to periods of transgression, or 
flooding events, that may be correlated from shelf settings basinward to condensed 
sections. The 20 parasequences in the Lewis Shale—Fox Hills interval interpreted by  
Gonzalez is similar to the previous interpretations of Ross et al. (1995) with 20 
parasequences, Pyles (2000) with 21 high-frequency sequences, and Steinhoff et al. 
(2001) with 24 parasequences.  
Gonzalez (2003) combined his 19 parasequences into 5 parasequence sets or 
cycles bounded by shale intervals interpreted as major flooding zones. The color-filled 
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this cross section was created using two “floating datums” (dashed blue lines) associated 
with two different marine flooding zones in an effort to keep the basin and shelf regions 
relatively flat. The upper datum (labeled “North Floating Datum”) was used to flatten the 
“FZ-15” flooding zone surface on top of the Standard Draw cycle on the northern side of 
the cross section. The lower datum (labeled “South Floating Datum”) was used to flatten 
the “FZ-5” or Asquith Marker on the southern side of the cross section. Gonzalez (2003) 
created paleo-geographic maps that showed the gross distribution of sandstone within 





One objective of this study was the integration of available Lewis Shale and 
associated interval correlations into a consistent stratigraphic framework to provide the 
context for petroleum system element evaluations. Horizon tops from Barlow (1961), 
Haun (1961), Weimer (1965, 1966, 1970), Asquith (1970), Winn et al. (1985, 1987), 
Cain (1986), Van Horn and Shannon (1989), Perman (1990), Pyles (2000), Minton 
(2002), Escalante-Flores (2002), Suryanto (2003), Gonzalez (2003),  Sadikhov (2004) 
and Hettinger and Roberts (2005) were loaded into GeoPlus Petra® software to evaluate 
the correlations. All of the tops data are tabulated in Appendix A. 
 
 
3.4.1. Lewis Shale Stratigraphic Correlations 
 
Previous stratigraphic studies of the Lewis Shale have identified marker horizons 
that can be correlated over large portions of the study area. Figures 3.4 and 3.8 are index 
maps that show the locations of cross sections produced as parts of these studies. The 
studies have primarily relied upon 2 types of wireline-log responses to correlate marker 
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horizons within the Lewis Shale: distinctive high conductivity and high gamma-ray 
peaks. Core and lithologic sample studies have demonstrated that these log responses 
represent pelagic or hemi-pelagic marine shale intervals that contain greater than average 
bentonitic clay and organic content due to deposition during periods of relatively limited 
clastic input to the basin (Weimer, 1965; Winn et al., 1987; Pyles, 2000; Gonzalez, 2003; 
Castelblanco-Torres, 2003; Pasternack, 2005; Rigoris, 2005). Horizon tops for the 
Almond, Lewis Shale and Fox Hills Formations were correlated in addition to the marker 
horizons within the Lewis Shale.  
The small scale of many published cross sections prevented precise determination 
of the Lewis Shale correlation horizons. Therefore, some judgment was necessary to 
establish the depths entered into the GeoPlus Petra® database. It was assumed that 
horizon picks were through the lower inflection point of distinctive log peaks. It should 
also be noted that correlations of some horizons, particularly within the Dad member, 
differed from the interpretations of this author. 
 
 
3.4.2. Correlation and Mapping Methodology 
 
Correlations were evaluated by constructing a comprehensive network of cross 
sections through more than 900 wells using GeoPlus Petra® software. The software 
greatly facilitated construction of cross sections and correlation of marker horizons across 
the basin. Depth and log scales could be adjusted to display wireline curves for optimal 
log-character recognition. Cross section datums could be changed to evaluate correlations 
flattened on various stratigraphic horizons.  
The preferred cross section log-curve format was to display raster images of the 
gamma-ray (original scales 2 or 5 in = 100 ft, typically run in conjunction with density or 
sonic logs) in the first track with conductivity (original scale 2 in = 100 ft) in the second 
track. Digital logs commonly failed to show the fine-scale variations of the original 
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curves that are evident on the raster images so they were not as useful for performing the 
correlations.  
Horizon tops from the cross-section network were used to develop a series of 
structure and isopach maps. These maps provided a means to verify the horizon tops 
because inconsistent correlations result in contour anomalies in one or more maps. 
Contour anomalies could be evaluated easily because the GeoPlus Petra® software 
provided the ability to construct cross sections through wells in the areas of concern. In 
situations where correlations were uncertain, tops could be selected and the software used 
to re-contour the map using the new tops.  This process of iteratively working between 





This study compared the correlations of previous Lewis Shale studies, determined 
which are the most laterally persistent, and attempted to resolve the confusion that has 
developed from numerous informal stratigraphic terms that have been proposed.  A 
stratigraphic cross section (Figure 3.11) was constructed with wells that are common to 
several studies and includes correlations to an outcrop section gamma-ray log measured  
by Pyles (2000). The wells and the outcrop locality on this cross section are labeled with 
numbers 1 through 8 and the locations are labeled on both index maps (Figures 3.4 and 
3.8) to facilitate cross referencing. Correlations shown in this cross section are the 
interpretation of the author except for the Marker Bentonite correlations by Weimer 
(1965, 1966, 1970), indicated on Wells 2, 3 and 4. 
Similarity among correlations is apparent by comparing them in wells that are 
common between the various studies. These correlations frequently are within a 30 ft (9 
m) depth range from each other, with differences primarily attributed to the interpreter’s 
preference for selecting different log peaks within the laterally continuous intervals.  
38
Figure 3.11. Stratigraphic cross section of the lower Lewis Shale and the upper Almond Formation. Conductivity curves (green) and resistivity curves (blue or purple) are shown in the right log track for all wells, but 
were not available for the outcrop. The left log track contains gamma-ray (red) curves or spontaneous potential (black) curves. Correlations are by the author except for the Marker Bentonite correlations in Wells 2, 3 
and 4 (Weimer, 1966). Solid correlation lines are chronostratigraphic correlations (bentonites) and dashed correlation lines are lithostratigraphic correlations. Location of section shown on Figures 3.4 and 3.8. Circled 





































































































Ammonite collected by Gill et al.
(1970) at Lewis reference section
located 4.1 mi (6.6 km) northwest, 
50 ft (15 m) above top Almond 
formation:  Baculites eliasi   
Ammonite collected by Pyles
(2000):
Almond formation coal ~90 ft 
(27 m) below top %Ro = 0.41 
(M.J. Pawlewicz, 2003, 
pers. communication)
Lance formation coal collected
~900 ft (91 m) higher in 
outcrop section
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The term “marker horizon” is used to describe the correlated horizons rather than 
“flooding zone” (Gonzalez, 2003) because there may be other mechanisms, such as 
changes in basin sediment influx due to climatic or tectonic influences, responsible for 
producing laterally continuous intervals besides maximum relative sea-level rise or 
transgression. Table 3.1 summarizes the marker horizons identified in the studies.  
The “Carlisle high” shown on Figure 3.11 indicates the wells in an area where 
there is significant thinning within the lower Lewis Shale. This name was proposed by 
Barlow (1961) to describe the isopach-thin anomaly. Weimer (1965, 1966, 1970) and 
Van Horn (1979) also identified this isopach thin anomaly of the Lower Lewis Shale, 
discussed in detail in Section 3.5.10.  
Thickness and general appearance of the marker horizon gamma-ray and 
conductivity log responses is variable, sometimes making correlations difficult.  
Variability can be attributed to a combination of factors including: 1) local changes in 
clastic or organic content of the shales; 2) development of sandstone immediately above 
(possibly truncating) or below the marker interval, and; 3) vintage of the logs.  
Correlations were most difficult in areas where there were sandstone development 
changes, mixed old and modern logs, and widely spaced well-control. Correlations were 
most straightforward in the central part of the basin within the lower 100 to 500 ft (30 to 
152 m) of the Lewis Shale, where sandstone development is not common.  Normalization  
was not performed on the majority of the log data, but would have assisted the correlation 
process, particularly between wells with different vintage data. 
 
 
3.5.1. Basal Lewis Shale / Top Almond Formation Contact  
 
The basal contact between the Lewis Shale and Almond Formation is generally 
easy to identify because of distinct log response variations caused by different lithologies. 
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and lower conductivity (higher resistivity) values than open-marine facies of the Lewis 
Shale (Figure 3.11).  
Structure maps constructed on top of the Almond contain abrupt elevation 
variations where facies changes occur. A diagrammatic cross section of Martinsen (1998, 
her Figure 13) provides an example of stratigraphic relief that can exist on the Lewis-
Almond contact. The maximum amount of stratigraphic elevation change at the top of the 
Almond Formation noted during this study was 120 ft (37 m) across a 1-mi (1.6-km) 
distance. The contact between the formations can be difficult to correlate in the 
westernmost part of the study area, where multiple intervals of Almond Formation facies 
intertongue with the lower Lewis Shale. The complex intertonguing of these two units 
demonstrates the diachronous nature of the contact between them.  
 
 
3.5.2. Zero Bentonite 
 
The high-conductivity Zero Bentonite horizon top indicated on Well 1 (Fig. 3.11) 
is from Van Horn and Shannon (1989, their Figures 7A to 7C). These horizon tops were 
supplemented by unpublished data provided by L. Shannon as reported in Suryanto 
(2003). The Zero Bentonite horizon tops provided by L. Shannon were located in two 
areas: 43 wells in the vicinity of Hay Reservoir, not included on the published cross 
sections of Van Horn and Shannon (1989), and 492 wells within Townships 12 to 18 
North and Ranges 90 to 95 West. Cross sections published by Tyler (1978a, 1978b, 1979) 
used the Zero Bentonite as a datum but are not shown on the Figure 3.4 index map. 
This study extended the Zero Bentonite correlations throughout the remaining 
area of the eastern Greater Green River basin because it exhibits an easily recognizable 
high-conductivity log response and it is probably the stratigraphically deepest bentonite 
within the lower Lewis Shale that can be correlated basin-wide. The Zero Bentonite was 
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described as a gray-green bentonite in the wellsite geologist’s sample descriptions of the 
Statewide Oil Corp. Government #1-10 well (NE Sec. 10, T21N, R99W). 
 
 
3.5.3. Asquith Marker  
 
One of the most laterally persistent intervals used as a datum in several studies 
(Table 3.1) has become known as the “Asquith Marker” after Asquith (1970). This 
informal nomenclature originated in the Denver office of Champlin Petroleum Co. during 
the 1980’s where the horizon was used as a key datum (Lee Krystinik, 2005, pers. 
comm.). The Asquith Marker is a high gamma-ray interval from 8 to 43 ft (2 to 13 m) in 
thickness, and has been interpreted as a third-order condensed section associated with 
maximum transgression during Lewis Shale deposition (Pyles, 2000).  
Martinsen (1998) referred to the Asquith or the “Hot Shale” Marker but did not 
provide sufficient information to allow correlations of this horizon on a log cross section. 
Stratigraphic studies by students working on the CSM Lewis Shale Consortium (Figures 
3.8 to 3.10) frequently used the Asquith Marker as a datum. Asquith Marker correlations 
indicated on Wells 1, 7 and 8 (the outcrop) are from these studies (Figure 3.11). The Z 
Marker, interpreted as a horizon separating two intervals distinguished by slight 
differences in content of coarser-grained clastics (Winn et al., 1985, 1987), is indicated 
on Wells 1, 4 and 6 (Figure 3.11) and is similar to the Asquith Marker. A core that spans 
the Asquith Marker interval is described in Sections 3.5.5 and 6.2.2. Structure, thermal 
maturity and average total organic content of the Asquith Marker are discussed in 
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3.5.4. Weimer Marker Bentonite 
 
The Figure 3.11cross section datum is a high-conductivity peak that was 
identified by Weimer (1965, p. 72) as the “most widespread bentonite marker bed in the 
Lewis Shale.”  Correlations for the “Marker Bentonite” by Weimer (1965, 1966, 1970) 
are indicated on Wells 2, 3 and 4. The “Datum” used by Asquith (1970) indicated on 
Well 3 is the same horizon as the Marker Bentonite of Weimer. The “Structural Datum” 
used by Lickus and Law (1988) indicated on Well 5 is also the same horizon. The “L-5” 
high-conductivity peak shown on Well 2 is another bentonite bed located about 10 ft (3 
m) below the Weimer Marker Bentonite used as a cross section datum by Barlow (1961).  
Work performed for this study confirmed that the Marker Bentonite identified by 
Weimer (1965, 1966, 1970) is a laterally persistent horizon within the Lewis Shale that 
can be correlated over the entire eastern Greater Green River basin. Weimer was the first 
to recognize the stratigraphic significance of the Marker Bentonite horizon and use it as a 
datum. Pasternack (2005) proposed that the name “Weimer Marker Bentonite” be 
adopted for this horizon.   
 
 
3.5.5. Weimer Marker Bentonite and Asquith Marker Core Description  
 
The Amoco Champlin 276 D#1 well (well 7 on Figures 3.4, 3.8 and 3.11) was 
cored through both the Weimer Marker Bentonite and the Asquith Marker intervals. The 
core is available for study at the U.S. Geological Survey in Lakewood, Colorado. Several 
studies have described this core because it is the only core available through this interval 
(USGS, 1987; Pyles, 2000; Dodds, 2000; Almon et al., 2001, 2002; Castelblanco-Torres, 
2003; Rigoris, 2005). A log display of the cored interval shows some of the data reported 
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The core gamma-ray log is shown in the far left track of Figure 3.12 and was used 
to depth shift the core relative to the wireline gamma ray log shown in the adjoining 
track. A bulk depth shift of 5 ft (1.5 m) up was applied, but close comparison between the 
two gamma-ray curves shows several peaks that do not align. Lack of gamma-ray log  
curve alignment and general poor condition of the core (numerous intervals of rubble) 
suggest there were some problems with core recovery and handling.  
The depth track contains lithologic information indicated by “plus” symbols and 
horizontal lines. The position of the plus symbols indicates the relative silt content of the 
shales determined by petrographic analyses (Castelblanco-Torres, 2003). Silt content is 
scaled from zero to 25% from left to right across the depth track, and the silt content 
analyses ranged from 3.4 to 17.1%. No apparent correlation exists between silt content 
and log response, probably because of high-frequency vertical variations that are below 
the resolution of the logs.  
Petrophysical characteristics of 9 samples analyzed by Castelblanco-Torres 
(2003) are described in Almon et al. (2001, 2002).  They assigned the 8155 ft sample 
located near the base of the Asquith Marker interval to their “Microfacies 2,” 
characterized by abundant authigenic carbonate, pyrite and phosphate minerals as well as 
fish bones and scales. Pyles (2000) also noted that fossil abundance was highest in the 
Asquith Marker interval. 
Horizontal lines in the depth track indicate the approximate location of 50 to 60 
bentonite layers. The bentonites were initially identified on two different sets of core 
photographs. One set of photographs (Pyles, 2000) shows the cores slabbed for display  
purposes and the second set shows the core butt samples available at the U.S. Geological 
Survey. Photographs provided the best opportunity to examine undisturbed cores as they 
were taken prior to extensive handling. Most of the bentonites were evident in both sets  
of photographs as very light gray laminations to thin beds. There were some intervals of 
core where the depth labels were problematic (missing interval between 8104 to 8107 ft, 
duplicate depths marked on display core set from 8139 to 8140 ft). The core butt set was 
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examined to verify the location of the bentonites and perform direct measurements of 
bentonite thicknesses. The abundance of authigenic minerals, fossil debris, organic 
material, bentonite layers and elevated gamma-ray log response are all attributes 
characteristic of condensed intervals (Loutit et al., 1992). 
The high-conductivity peak in the Weimer Marker Bentonite interval consists of 
three separate bentonite layers where examined in core. The three bentonites are 
separated by ash-free shale. The bentonites are the result of three distinct depositional 
events separated in time. The core interval from 8108 to 8109 ft that contains the 
bentonites is only 10 in (25 cm) thick due to material loss. The oldest of the three 
bentonites is 0.3 in (0.8 cm) thick with only the basal contact preserved. The middle 
bentonite is 1.5 in (4 cm) above the oldest bentonite and is 0.2 in (0.5 cm) thick with 
sharp basal and upper contacts. The youngest bentonite is 1.0 in (2.5 cm) above the 
middle bentonite and has a sharp basal contact. The interval 1.5 in (4 cm) above the basal 
contact is properly oriented with faint laminations evident but the upper contact of the 
youngest bentonite is not preserved. The upper part of the youngest bentonite consists of 
several broken and disoriented pieces. The minimum thickness for the youngest bentonite 
that can be estimated by fitting the broken pieces together is 5.5 in (14 cm), making it the 
thickest bentonite of any observed in the core.  
There are seven other bentonite layers thicker than 1.0 in (2.5 cm) (range from 1.0 
to 4.0 in or 2.5 to 10 cm) in the core, but most of the bentonites ranged from 0.05 to 0.3 
in (0.1 to 0.8 cm) thick. None of the bentonite layers thicker than 0.5 in (1.3 cm) had both 
contacts preserved to determine accurate thicknesses. There are no bentonites evident in 
the photographs below the Asquith Marker interval and this was verified during core 
examination.  
The spherically focused log (SFL) provides better indication of bentonite layers 
than the conductivity curve within the cored interval. Note that there is poor alignment 
between the bentonite layers and low resistivity peaks on the SFL log. For example, the 
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Weimer Marker Bentonite is approximately 2 ft (0.6 m) high to the low-resistivity peak, 
after the 5-ft (1.5 m) bulk depth shift was applied to the entire core. 
The far right track of the log display contains total organic-carbon content (TOC) 
data from the 5 different studies. The TOC data will be discussed in Section 6.2.2.  
 
3.5.6. Dad Member of the Lewis Shale 
 
The Y (or Y’) marker of Winn et al. (1985, 1987), indicated on Wells 1, 4 and 6 
(Figure 3.11), and the Top T1 interval of Van Horn and Shannon (1989), indicated on 
Well 1 (Figure 3.11), provide a lithologic boundary that commonly occurs about 15 ft    
(5 m) above the Weimer Marker Bentonite. This lithologic boundary is interpreted to be 
the base of the Dad member (Winn et al., 1987, their Figure 8).  
Marker horizons within the Dad member are noted in several studies.  Asquith 
(1970) correlated 3 intervals he named the “A,” “B” and “C” Markers. The A and B 
Marker horizon tops of Asquith (1970) are indicated on Well 3 in Figure 3.11. Winn et al. 
(1987) correlated several markers within the Dad member, including 3 they named the 
“U,” “W” and “X” Markers.  The abrupt terminations of the “U” and “W” Markers on the 
cross sections of Winn et al. (1987, their Figs. 4 and 5) indicate that they were not able to 
correlate marker horizons throughout their study area.  
Hamzah (2001) and Suryanto (2003) correlated tops provided by L. Shannon 
(unpublished) as part of an evaluation of 12 different sandstone intervals within the Dad 
member. These correlations were extended over only the eastern part of the Washakie 
basin (Figure 3.9).   
 Minton (2002) noted the difficulty in correlating marker units (with the exception 
of the Asquith Marker) throughout his study area.  He reasoned that correlations were 
easiest in areas where there was consistent sedimentation, such as downdip from steady 
sediment supply or in distal areas.  He attributed the difficulty in correlating marker units 
in some areas or intervals to possible multiple sediment sources. The lack of well control 
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in some parts of the area studied by Minton (2002), with wells separated by up to 10 mi 
(16 km), also contributed to difficult correlations.  
The complex intertonguing of the Lewis Shale and associated intervals on the east 
flank of the Rock Springs uplift, noted in several studies (Weimer, 1966; Land, 1972; 
Van Horn, 1979), illustrates the difficulty of correlating near the Lewis Shale western 
depositional edge. Truncation and limited well control around the northern, northeastern 
(Reynolds, 1976; Gonzalez, 2003) and southern (Haun, 1961) basin margins contributes 
even more uncertainty to the interpretation of stratigraphic relationships in those areas.  
A northeast-southwest oriented regional cross section was constructed (Figure 
3.13) to compare 3 CSM student Dad member marker horizon correlations. The Figure 
3.13 cross section shows the correlations of Minton (2002), Suryanto (2003) and 
Gonzalez (2003) over separate but slightly overlapping areas. The datum for the cross 
section is the Weimer Marker Bentonite that was correlated throughout the eastern 
GGRB as part of this study (Section 3.5.7). 
Detailed examination of the correlations in Figure 3.13 reveals that there are 
subtle but significant interpretation differences. Each study utilized different correlation  
horizons and schemes or approaches. For example, Gonzalez (2003) and Minton (2002) 
correlated marine flooding zones whereas Suryanto (2003) correlated sandstone bodies. 
Note that some of the northernmost correlations interpreted by Suryanto (2003) on Figure 
3.12 cross the correlations interpreted by Gonzalez. 
 
 
3.5.7. Weimer Marker Bentonite Structure Map 
 
The structure map (Figure 3.14) was selected for presentation from the surfaces 
mapped as part of this study for several reasons. First, the map represents a surface on the 
marker that was most frequently used as a correlation horizon in published studies (Table 
3.1). Second, the map horizon was one of the stratigraphically shallowest laterally  
28 27 26 25 24 23 22 21 20 19 18 17 16 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1
Asquith Mkr.
Zero Bentonite
Figure 3.13. Northeast-southwest regional (~90 mi or 145 km long) stratigraphic cross section illustrating Lewis Shale and associated interval marine marker unit correlations from three slightly overlapping CSM 
studies. Correlations from this study are Weimer Marker Bentonite (datum) and Zero Bentonite. Red curves are edited and normalized gamma-ray (GR) logs. Yellow shading ≈ sandstones (GR < 91 API). Vertical 
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Figure 3.14. Structure map of the Weimer Marker Bentonite horizon. Only wells that 
were used to generate this map (974 gray dots) are shown. There are many other 
penetrations not shown. Lewis Shale outcrops (green areas) from Green (1992) and 
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continuous Lewis Shale markers that could be correlated over the entire basin. Third, the 
map datum is a bentonite and therefore represents an isochronous surface. Other horizons 
within the lower Lewis Shale, such as the Asquith Marker or the basal contact with the 
Almond Formation, are diachronous surfaces that vary in stratigraphic position across the 
basin. Finally, regional structure maps published by Lickus and Law (1988) and Tyler et  
al. (1997) both used the Weimer Marker Bentonite as the structural datum over the 
Washakie and Sand Wash basins, but did not extend the datum north of the Wamsutter 
arch into the Great Divide basin because of difficulty recognizing the datum in that area. 
This study was able to extend the Weimer Marker Bentonite correlation over the entire 
eastern Greater Green River basin (Figure 3.14) by using a cross-section-to-map iterative 
approach with GeoPlus Petra® geological software. 
The structure map (Figure 3.14) is in very close agreement to the previous work, 
which contributes to the confidence in the correlations. Differences between published 
structure maps of Lickus and Law (1988) and Tyler et al. (1997) and the structure map 
(Figure 3.14) are the result of recent well control, a few alternate interpretations, and 
extension of the map horizon north of the Wamsutter Arch. 
 The Weimer Marker Bentonite horizon is truncated by the Paleocene 
unconformity in the southwestern part of the study area. The Haun (1961) study was 
useful for identifying the unconformity. The approximate location of the line of 
truncation is indicated on Figure 3.14. 
 
 
3.5.8. Structure Map Contouring Adjustments 
 
The structure map initially was contoured using an algorithm within the GeoPlus 
Petra® geological software that preserves data trends while minimizing bias. When final 
correlations were completed, contours were manually adjusted to smooth the map. 
Manual contour adjustments were generally limited to areas of widely spaced well 
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control or areas where faults are present. Structural contours also were adjusted in fields 
where detailed field structure maps were available (Farmer, 1979; Lehman, 1979; 
McCutcheon, 1992; Pekarek, 1979). Although these maps are on different horizons, they 





Faults shown in Figures 3.4, 3.8, and 3.14 were compiled from a variety of 
sources. Basin-flanking faults are primarily from Lickus and Law (1988), with additions 
from Henderson (1962) and Hettinger and Honey (2005) in the Dad arch area on the 
eastern side of the Washakie basin. Faults on the southeastern and northeastern flanks of 
the Rock Springs uplift are from Roehler (1977). Basin-flanking faults of Tyler et al. 
(1997) are not shown because they are similar to those of Lickus and Law (1988). 
The inferred surface trace of the Wind River thrust fault on the north side of the 
Great Divide basin from Lickus and Law (1988) required minor editing to fit the 
structural elevations of a few wells. Additional faults have been interpreted north of the 
Wind River thrust by Wellborn and Wold (1993), but are not shown because they could 
not be corroborated with tops correlated in the limited number of wells in that area.  
Three published fault interpretations in the Cherokee Ridge arch area (Cardinal, 
1979; Lickus and Law; 1988; Tyler et al., 1997) are not shown because they were 
difficult to reconcile with well data. Faults interpreted by Parker and Bortz (2001) and 
Ysaccis (2003) in the eastern Cherokee Ridge arch area are shown because they could be 
integrated with structural elevations and isopach thicknesses determined from well data.  
Faults shown in the vicinity of fields other than the Cherokee Ridge arch are from 
Lehman (1979), Dickinson (1992), and Montgomery (1996). Faults interpreted by 
Martinsen (1998, 2003) based on Almond Formation studies and faults interpreted by 
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3.5.10. Lower Lewis Shale Isopach Map 
 
An isopach map (Figure 3.15) was generated for the lower Lewis Shale interval 
between the Weimer Marker Bentonite and a deeper bentonite marker named the “Zero 
Bentonite” in Van Horn and Shannon (1989).  The isopach interval is a time-stratigraphic 
unit, following the definition of Weimer (1966), because both the upper and lower 
bounding surfaces are isochronous. It is essential to determine time-stratigraphic units to 
accurately map depositional thicknesses, lithofacies distribution and interpret 
depositional environments.  
The name “Lewis Trough” was proposed by Van Horn and Shannon (1985) for 
the isopach thick shown on Figure 3.15. The Lewis trough is approximately coincident 
with an Upper Cretaceous isopach thick that exceeds 16,000 ft (4,877 m) shown on maps 
published by Weimer (1961, his Fig. 1) and McGookey et al. (1972, their Fig. 22.). 
Weimer (2004, pers. comm.) noted that it may be appropriate to use another term to 
denote this isopach thick other than “Lewis Trough” because the Lance Formation and 
other intervals are also relatively thick in this area (Section 3.5.11). The isopach thick 
area is also approximately coincident with structural depressions shown on a Precambrian 
basement map by Blackstone (1993).  
Several published isopach maps of the lower Lewis Shale are available for 
portions of the eastern Greater Green River basin. Although these published maps exhibit 
similar thickness trends to those shown in Figure 3.15, there are some notable 
differences. Barlow (1961, his Figure 1) mapped the interval from the L-5 marker (Figure 
3.11) to the top of the Almond Formation and suggested the name “Carlisle high” for an 
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Figure 3.15. Isopach map of the interval from the Weimer Marker Bentonite to the 
Zero Bentonite. Only wells that were used to generate this map (888 gray dots) are 
shown. There are many other penetrations not shown. Lewis Shale outcrops (green 
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between the Weimer Marker Bentonite and a marker shale in the upper Almond 
Formation from Weimer (1965, his Figure 6, 1966, his Figure 12 and 1970, his Figure 
19) show an isopach thin in the Carlisle high area.  Using approximately the same 
interval as Weimer (1965, 1966, 1970), Van Horn (1979, his Figure 51) also mapped an 
isopach thin in the Carlisle high area. Van Horn (1979) interpreted 60 to 80 ft (18 to 24 
m) of Upper Almond Formation truncation in the area between the western edge of the 
Carlisle high and the outcrop belt to the west. Martinsen’s map (1998, her Figure 15) of 
the interval between the Asquith Marker and top of the Almond Formation similarly 
shows an isopach thin in the vicinity of the Carlisle high, although contours do not close 
around the area. An interpretation of a regional stratigraphic cross section by Martinsen 
(2003, her Figure 4) shows several intervals within the Almond Formation that were 
removed due to erosion in the Carlisle high area. 
Weimer’s isopach maps (1965, his Figure 6, 1966, his Figure 12 and 1970, his 
Figure 19) show lower Lewis Shale thickening to more than 500 ft (152 m) southwest of 
the Carlisle high. This contrasts with isopach patterns of Barlow (1961, his Figure 1), 
Martinsen (1998, her Figure 15) and this author (Figure 3.14) that all show relatively 
uniform thickness to slight thinning of the lower Lewis Shale southwest of the Carlisle 
high.  
Figure 3.15 is similar to the “T1” isopach map of Van Horn and Shannon (1989, 
their Figure 5). The Zero Bentonite is the base of both the T1 and Figure 3.14 isopach 
maps, but there is a minor difference between the upper horizons of the isopach intervals. 
The top of the T1 isopach interval is a horizon about 15 ft (4.6 m) above the Weimer 
Marker Bentonite (Figure 3.11). Both maps show an isopach thick in the vicinity of the 
Lewis Trough. Maximum isopach thickness in the area of the Lewis trough is 750 ft (229 
m) on Figure 3.15 versus 1,000 ft (305 m) on the map of Van Horn and Shannon (1989, 
their Figure 5). Although Winn et al. (1985, 1987) did not provide isopach maps, their 
regional cross sections (Figure 3.4) show thinning of the lower Lewis Shale interval 
across the Carlisle high area and thickening toward the Lewis Trough. 
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Faults on the isopach map (Figure 3.15) are shown primarily for reference to the 
structure map (Figure 3.14). This study did not identify thickness anomalies associated 
with most of the published faults except for two areas. An isopach thick defined by 
several wells occurs in association with the eastern group of faults along the Cherokee 
Ridge arch (Township 19 North, Range 100 West, Figure 3.15). Subtle westward 
thinning is indicated by wells located between faults on the east flank of the Rock 
Springs uplift (Township 19 North, Range 91 West, Figure 3.15). 
 
 
3.5.11. Paleocene to Upper Cretaceous Stratigraphy 
 
Hay Reservoir is described in this study to illustrate the reservoir characteristics 
of a Lewis Shale field (Chapter 5). A grid of regional stratigraphic cross sections (Figure 
3.8, Plates I to III) was constructed to tie published Paleocene to Upper Cretaceous 
correlations into the Hay Reservoir field area. This was necessary in order to establish the 
relationship between Hay Reservoir and a burial history study performed at the Eagles 
Nest well located 30 mi (48 km) northeast of the field (Roberts et al., 2004, 2005).  
The Eagles Nest burial history study indicates gas generation onset began 63 
million years ago (Ma) for the Mesaverde group and 62 Ma for the Lewis Shale (Section 
6.1.4). Timing of Mesaverde Group and Lewis Shale gas generation onset corresponds to 
biostratigraphic age dates for the Deadman coal zone determined from non-marine flora 
and fauna collected on the northeast flank of the Rock Springs uplift. The 
palynostratigraphic P3 zone age-determination for the Deadman coal zone by Nichols 
(1999) corresponds approximately to 61.0 to 64.5 Ma (Nichols, 2005, pers.comm.). The 
North American land mammal Torrejonian age for the lower 300 ft (91 m) of the Fort 
Union Formation (including Deadman coal zone interval) was determined by Winterfeld 
(1982), cited in Hettinger and Kirschbaum (1991). The absolute age of the Torrejonian is 
61.0 to 63.5 Ma (Lofgren et al., 2004).  
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The Rock Springs uplift Deadman coal zone outcrops were correlated into the 
subsurface by Hettinger and Kirschbaum (1991). Plate I ties the correlations of Hettinger 
and Kirschbaum (1991) to the Eagles Nest well (Roberts et al., 2004, 2005). Plate II ties 
the Hay Reservoir field area to Plate I. An additional cross section (Plate III) was 
constructed to tie the Eagles Nest well to an outcrop-subsurface study located on the 
eastern flank of the Washakie basin (Hettinger et al., 1991). Plate III provides additional 
confidence that the Eagles Nest well correlations are valid (Honey, 2006, pers. comm.). 
The lower Fort Union to Lewis Shale interval correlations shown on Plates I to III 
are approximate. This is because no laterally continuous chronostratigraphic markers, 
such as bentonite units, could be identified. The nonmarine origin of this interval 
normally precludes preservation of bentonite units because of their susceptibility to 
erosion and redistribution.  
The correlation strategy used to construct Plates I to III relied primarily on coal 
unit recognition. The distinctive high peaks on gamma-ray, resistivity, density and sonic 
logs typical for this rock type were initially used to identify all coals. Although individual 
coal units cannot be correlated reliably for long distances, the coal-bearing intervals 
evident on the cross sections (Plates I to III) can be correlated collectively as a group or 
“coal zone.” The coals identified on the Plates are indicated with different colors to 
emphasize how they were grouped into coal zones that were used to guide the 
interpretations. Most of the correlations on the Plates occur at the base of thick sandstone 
intervals. These intervals were interpreted to be the result of climatic, tectonic or other 
regional changes that occurred over the study area region.  
The correlations shown on Plate I demonstrate that the Lewis Shale, Fox Hills, 
Lance and lower part of the Fort Union Formations all dramatically increase in thickness 
near the axis of the Lewis trough (Figure 3.15). The timing of Hay Reservoir field 
petroleum charging established by the Plate I, II and III correlations to the Eagles Nest 
well is discussed in Section 5.7.  
 





Laterally persistent marker horizons are identified in many Lewis Shale 
stratigraphic studies (Table 3.1). This study utilized an internally consistent correlation 
scheme to select Weimer Marker Bentonite, Asquith Marker, and Zero Bentonite horizon 
tops over the entire eastern Greater Green River basin. 
 
 
3.6.1. Weimer Marker Bentonite Structure Map 
 
The use of a consistent correlation scheme resulted in a Weimer Marker Bentonite 
structure map (Figure 3.14) that encompasses all previous mapping and, for the first time, 
extends basinwide. Good agreement between the Figure 3.14 structure map and structure 
maps from previous studies (Lickus and Law, 1988; Tyler et al., 1997) provides 
confidence for the Weimer Marker Bentonite correlations. 
 
 
3.6.2. Lower Lewis Shale Isopach Map 
 
Lewis Shale thickness variations have been identified in many studies (Barlow, 
1961, Hale, 1961, Weimer, 1965, 1966, 1970; Asquith, 1970; Reynolds, 1976; Winn et 
al., 1985, 1987; Van Horn and Shannon, 1985, 1989; Pasternack, 2005) and have been 
attributed to sediment dispersal patterns as well as syndepositional tectonics. The author 
believes that many of the lower Lewis Shale isopach anomalies shown on Figure 3.15 
may be attributed to tectonic influences. 
The Lewis trough (Figure 3.15) is approximately coincident with an Upper 
Cretaceous isopach thick (Weimer, 1961; McGookey et al., 1972) and structural 
depressions mapped in Precambrian basement (Blackstone, 1993). The Upper Cretaceous 
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isopach map spans the interval from the top of the Mowry Shale to the top of the 
Cretaceous. The radiometric age date determined for the Clay Spur Bentonite at the top 
of the Mowry Shale is 97.17 Ma and for the Hell Creek Bentonite at the K-T boundary is 
65.35 Ma (Obradovich, 1993).   Therefore, accumulation of greater thickness of sediment 
in this area persisted through more than 30 million years. Plate I shows a dramatic 
thickness increase for the Lewis Shale, Fox Hills, Lance and lower Fort Union 
Formations near the axis of the Lewis Trough.  
The lower Lewis Shale isopach thin designated as the Carlisle high (Figure 3.14) 
is probably the result of episodic tectonic influences. This is suggested by the truncation 
at the top of the Almond Formation in the area between the western flank of the Carlisle 
High and the outcrop belt identified by Van Horn (1979, his Figure 51, his Plates 3 to 5). 
It is also supported by the truncation of several intervals within the Almond Formation in 
the Carlisle high area described by Martinsen (2003). 
The isopach thin north of the Lewis trough (Figure 3.15) suggests that this area, a 
paleohigh prior to Lewis Shale deposition (Reynolds, 1976), persisted as a relative high 
after Lewis Shale deposition began.  Outcrop studies in the paleohigh area (Reynolds, 
1976; Gonzalez, 2003) indicate shallow marine facies within an interval that is age-
equivalent to a portion of the Lewis Shale (Figure 3.2).  
The association of several isopach anomalies with the Cherokee Ridge arch 
implies there was movement during lower Lewis Shale deposition along this structure 
(Figure 3.15). The structural complexity of the Cherokee Ridge arch area is suggested by 
the presence of both thin- and thick-isopach anomalies.  
Additional anomalies are evident on the isopach map (Figure 3.15) on the flanks 
of the Rock Springs uplift. The northeastern flank (Townships 22 to 23 North, Ranges 98 
to 101 West) isopach thick anomalies are not associated with faults described by previous 
subsurface work, but are subparallel to faults identified in outcrop studies. The 
southeastern flank (Townships 12 to 15 North, Ranges 99 to 102 West) isopach thin 
anomaly is subparallel to faults that have been mapped in outcrop and the subsurface.  
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3.6.3. Syndepositional Tectonics  
 
Isopach anomalies shown in Figure 3.15 infer that syndepositional tectonics 
exerted control on lower Lewis Shale sediment dispersal patterns over wide areas of the 
basin. Coincidence of lower Lewis Shale anomalies with other Paleocene to Lower 
Cretaceous intervals in the Lewis trough area (Plate I), or where there are structural 
features, such as the Cherokee Ridge arch, supports this conclusion.   
Difficulty correlating marker horizons in the Dad member (Figure 3.11) is 
primarily attributed to the much greater quantity of sandstone within this portion of the 
Lewis Shale.  One possibility is that the Dad member correlations are not continuous due 
to local truncations at the base of sandstones. It is possible that the Dad member marker 
horizons can be correlated regionally, but that has not been established by any previous 
work and was beyond the scope of this study. The lack of continuous markers in the Dad 
member casts doubt on regional correlations, particularly in areas where syndepositional 
tectonics are shown to have influenced lower Lewis Shale sediment dispersal. This is 
because it is unlikely that tectonic influences abruptly terminated at the end of lower 
Lewis Shale deposition. 
Regional studies of Dad member marker horizons have identified wedge-shaped 
intervals that are interpreted as cycles of shelf-slope-basin sediment accumulation, for 
example Asquith (1970), Winn et al. (1985, 1987) and Ross et al. (1995). These studies 
do not indicate that local tectonic influences were considered during interpretation of 
their regional cross sections or paleogeographic reconstructions. Therefore, Dad member 
correlations may not be attributed entirely to regional shelf-to-basin topography. The 
sediment dispersal patterns predicted by these interpretations are also probably incorrect.  
For similar reasons, paleo-water depths determined by measurements from interpretations 
of shelf-slope-basin profile decompacted thicknesses (Asquith, 1970) are likely to be 
over-estimated. 
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CHAPTER 4 




Sandstones within the Lewis Shale are major gas reservoirs in the eastern Greater 
Green River basin of Wyoming and Colorado. Significant volumes of gas-charged 
sandstones in basin-center accumulations are not currently being developed because 
present-day completion practices are not capable of production at commercial rates.  
 
 
4.1. Previous Studies 
 
A map that shows the distribution of Lewis Shale gas fields is shown in Figure 
4.1. Numerous studies that provide information on Lewis Shale field characteristics are 
available. Cardinal and Stewart (1979) and Miller et al. (1992) contain summaries of data 
from most Lewis Shale fields that often include maps, cross sections, and other useful details. 
Data from many of these studies are summarized in Table 4.1. 
Doelger and Barlow (1997) proposed an exploration strategy for the Lewis Shale 
that predicts sandstone occurrence based on the relationship to paleo-structures.  They 
also suggest that reducing risk through early identification of reservoir “sweet spots” will 
improve economics. Hettinger and Roberts (2005) performed a Lewis Shale petroleum 
system study as part of an effort to determine potential resources (Section 4.7).  
There are many individual Lewis Shale field publications, including Parker 
(1959), Greer (1959), Mees et al. (1961), Cronoble (1969a and b), Brown et al. (1981), 
Cain (1986), Van Horn and Shannon (1989), Robinson (1993), Purcell and Huck (1998), 
and Parker and Bortz  (2001). CSM Lewis Consortium students, including Hull (2001), 
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Figure 4.1. Weimer Marker Bentonite structure map indicating approximate limits of 
Lewis Shale fields as of August 2005 with red areas. Field limits determined from 
information provided by I.H.S. Energy Group (1999) and downloaded from the 
WOGCC and COGCC websites. Lewis Shale outcrops (green areas) from Green 
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Table 4.1. Gas and oil data for Lewis Shale fields that have produced more than 1.5 BCFG as of May 2002.  Question marks indicate no data are available. Notes: *1: Gas/oil ratio calculated from production    
data provided by I.H.S. Energy Group (1999). *2: Data published in Cardinal and Stewart (1979). *3: Data published in Miller et al. (1992).  
FIELD  GOR*1 GOR*2 GOR*3 Gas Gas Gas Composition Oil Gravity  
(RESERVOIR) ST CFG/BO (1979) (1992) Sp. Gty. BTU Methane Ethane Propane Other HC's oAPI REFERENCES 
 DESERT SPRINGS 
(LEWIS) WY 117,788 81,000 338,000 0.667 1188 87.50% 6.20% 3.34% 2.90% 61.5 O'Keefe and Stiles (1992) 
 HAY RESERVOIR (LEWIS) WY 71,603 41,800 62,966 ? 1250 81.40% 10.10% 5.21% 3.09% 55 Shannon (1992) 
 TABLE ROCK & SW TR   
 (LEWIS ALMOND) WY 52,837 88,588 88,588 65 1131 ? ? ? ? 38-44 Dickinson (1992) 
 WAMSUTTER              
 (LEWIS ALMOND)  WY 1,615,023 3,401 158,000 0.62 1100 91.39% 4.88% 1.70% 1.334% 54 O'Keefe and  Stiles (1992) 
 WEST SIDE CANAL           
 (LANCE-LEWIS) WY 1,774,548 "Dry gas" "Dry gas" ? 1102 91.43% 4.48% 1.79% 1.46% ? Cronoble (1979) 
 HIAWATHA WEST 
(LEWIS) CO ? ? "Dry gas" 0.633 1070 ? ? ? ? ? McCutcheon (1992) 
 GREAT DIVIDE (LEWIS) WY 33,631 ? 22,222 ? ? ? ? ? ? 52 Shannon (1992) 
 CG ROAD (LEWIS) WY 79,687 ? ? ? ? ? ? ? ? ? None 
 BAGGS SOUTH (LEWIS) WY 1,151,006 "Dry gas" "Dry gas" 0.62 1115 ? ? ? ? ? Cardinal (1992) 
 CRAIG NORTH (LEWIS) CO ? ? ? ? ? ? ? ? ? ? Barlow et al. (1994) 
 SIBERIA RIDGE          
 (LEWIS ALMOND)  WY 28,752 ? ? ? ? ? ? ? ? ? Sansone et al. (1992) 
 SINK HOLE (LEWIS) WY 46,444 ? ? ? ? ? ? ? ? 62 None 
 TEN MILE DRAW        
 (LEWIS ALMOND) WY 1,185,631 758,817 ? 0.63 1092 91.44% 2.70% 1.76% 2.07% 52 Lawson (1979) 
 BLUE GRAVEL (LEWIS) CO ? ? ? ? ? ? ? ? ? ? Barlow et al. (1994) 
 ECHO SPRINGS (LEWIS) WY 101,634 ? ? ? ? ? ? ? ? ? Coalson (1979)     (No Lewis data) 
 HIGGINS (LEWIS) WY 158,391 ? ? ? ? ? ? ? ? ? McConigley (1992) 
 DELANEY RIM (LEWIS) WY 5,185 "Dry gas" ? ? ? ? ? ? ? 38-44 Colburn and  WGA Committee (1979) 
 PLAYA (LEWIS) WY 1,905,796 "Dry gas" "Unknown" ? 1121 ? ? ? ? 59.6 Whitley (1992) 
 PICKET LAKE (LEWIS) WY 103,579 ? 127,958 0.70 ? ? ? ? ? 51 Adams (1992) 
 STRIKE (LEWIS) WY 15,859 ? ? ? ? ? ? ? ? ? None 
 STAGE STOP (LEWIS) WY 4,259 1,118 ? ? ? ? ? ? ? ? Mohl (1979) 
 FILLMORE (LEWIS) WY 12,865 206,154 13,128 ? ? ? ? ? ? ? Hall (1992) 
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4.1.1. Sandstone Distribution Within the Lewis Shale 
 
The Lewis Shale contains significant volumes of sandstone that locally may 
comprise nearly 70 percent of the formation thickness.  Figure 4.2 is a map that shows 
some Lewis Shale sandstone isopachs.  The net sandstone isopachs that are shown were 
determined using different gamma ray or spontaneous potential wireline log cutoffs. 
Gross sandstone isopachs were determined by measuring the total thickness from the base 
to the top of the sandstone intervals.  Suryanto (2003) mapped 12 separate sandstone 
intervals in the area where Lewis Shale sandstone development is thickest.  
Lewis Shale petroleum reservoirs are typically shale-bounded sandstones 
deposited as lobe-shaped bodies by sediment gravity flows or turbidity currents in 
relatively deep water (Winn et al., 1985, 1987; Van Horn and Shannon, 1985, 1989; Cain, 
1986; Perman, 1990; Robinson, 1993; Witton, 1999; Pyles, 2000; Parker and Bortz, 
2001; Minton, 2002; Gonzalez, 2003; Pasternack, 2004; Sadikhov, 2005) (Figure 4.2). 
Individual reservoir bodies range from about 3 ft (1 m) to 110 ft (33 m) in thickness and 
may contain rare to common shale interbeds up to a few feet thick.  
Multiple stacked sandstone bodies, separated by shale intervals 20 ft (6 m) or 
more thick, are frequently associated within the same geographic area. Gross intervals 
that contain multiple sandstones range up to 350 ft (107 m) in thickness. Van Horn and 
Shannon (1989) provided maps of 8 separate sandstone intervals in the Hay Reservoir 
area (Figure 4.2). The isopach shown in the Hay Reservoir area of Figure 4.2 is 
equivalent to the sandstone informally named “F” by Van Horn and Shannon (1989). It is 
the key reservoir interval at the field and is discussed in detail in Chapter 5. 
Robinson (1993) mapped 5 separate sandstones in the Table Rock/Delaney Rim 
area, but only the “O” Sandstone isopach is shown on Figure 4.2. Four of the five 
sandstones mapped by Robinson (1993) are productive. Parker and Bortz (2001) 
identified 8 separate producing sandstone intervals developed in the West Side Canal area 
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Figure 4.2. Isopach map of some sandstone intervals within the Lewis Shale. Contour 
interval = 20 ft (6 m); 0 to 40 ft shaded yellow; 40 to 80 ft (12 to 24 m) shaded orange, 
and greater than 80 ft (24 m) shaded red. Refer to text for explanation of net and gross 
sandstone isopachs that are shown. Note that many sandstone bodies are not shown.
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4.1.2. Lewis Shale Petroleum Reservoir General Characteristics  
 
The majority of Lewis Shale sandstones are not currently completed as petroleum 
reservoirs, even though they may be overpressured and gas saturated (Suryanto, 2003). 
This is because commercial production rates cannot be obtained using presently available 
artificial stimulation completion methods due to the very low permeabilities or high water 
saturations of these sandstones. 
General characteristics of Lewis Shale sandstones currently completed as 
petroleum reservoirs are summarized in Hettinger and Roberts (2005) based upon Lewis 
Shale field studies described in Cardinal and Stewart (1979) and Miller et al. (1992). The 
sandstone attributes were summarized as: 1) grain sizes ranging from very fine to fine 
with some medium; 2) porosities ranging from about 8.0 to 25.0 percent, and; 3) 
permeabilities ranging from about 0.01 to 50 millidarcies. Hettinger and Roberts (2005) 
analysis of IHS Energy Group data indicated that Lewis Shale production depths range 
from about 2,400 to 17,200 ft (731 to 5,243 m) and pressure gradients range from 0.323 
to 0.64 psi/ft (reservoir pressure expressed in pounds per square inch/depth in feet). 
Production data (Figure 4.3) indicates significant variations in Lewis Shale field 
performance that are generally attributed to reservoir quality differences. These variations 
are evident within individual sandstone bodies as well as between overlapping stacked 
sandstone lobes that occur within the same area. Other factors that contribute to 
production performance variations are differences in the timing of completions (depletion 
effects) and in the completion techniques applied. 
An example of production from a non-sandstone interval occurs at a well on the 
south side of Hay Reservoir field, where a fractured shale or slightly sandy shale interval 
was completed (Section 5.8). It is impossible to determine the precise volumes from the 
fractured interval in this well as production is commingled with two sandstones. No other 
fractured shale production from the Lewis Shale is known at this time, but the potential 
for future development of this type of reservoir should be considered.  
Figure 4.3.  Cumulative oil, gas and water production bar chart for Lewis Shale fields 
that had more than 10 BCFG production by August 2005.  Production is for the time 
period indicated by italicized text. Gas volumes were multiplied by conversion factor 
(0.1767) to obtain equivalent heat content of oil, or "MBOE" (thousand barrels oil 
equivalent). "MBO" and "MBW" are thousands of barrels of oil and water, 
respectively. Data provided by I.H.S. Energy Group through September 1999; updated 
by data from Wyoming Oil and Gas Conservation Commission (2005) and Colorado 
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4.1.3. Lewis Shale Field Trapping Mechanisms  
 
The Weimer Marker Bentonite horizon structure map and the Lewis Shale field 
approximate limits shown on Figure 4.1 illustrate the relationship between structure and 
Lewis Shale field development. Although the 500-ft (152-m) contour interval in Figure 
4.1 is insufficient to resolve structure at Lewis Shale fields, where structural closure may 
be a component of the trapping mechanism, more detailed mapping using 100-ft (30-m) 
or smaller contour intervals, indicates only three fields are associated with structural 
closures (Section 4.1.4.). It is possible that faults with small vertical displacement have 
provided updip seals, but the limited availability of seismic data prevented investigation 
of this type of structural trap. The key trapping configuration for the majority of Lewis 
Shale fields appears to be updip sandstone-to-shale facies changes in areas with about 3 
degrees or less regional dip.  
  
 
4.1.4. Structurally Controlled Lewis Shale Fields  
 
Hiawatha West field is located along the Hiawatha anticline in Township 12 
North, Range 101 West (Figure 4.1). The Hiawatha anticline is an unfaulted, symmetrical 
anticline with a northeast-southwest trending axis identified from surface mapping in 
1929 (Gras, 1955). First production on the Hiawatha anticline was developed from the 
Tertiary Wasatch Formation in 1927 (Gras, 1955), but it was not until 1956 that 
production from a Lewis Shale sandstone reservoir was established at Hiawatha West 
field (McCutcheon, 1992). Hiawatha West field has approximately 200 ft (61 m) of 
vertical closure at the base of the Paleocene Fort Union Formation unconformity that 
truncates the top of the Lewis Shale (McCutcheon, 1992). 
West Side Canal field is located on the Cherokee Ridge arch at Township 12 
North, Range 92 West (Figure 4.1) and was discovered in 1964 from evaluations of 
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surface geology and limited well data. The structure is an asymmetrical faulted anticline 
developed on the south side of the Cherokee Ridge arch left-lateral shear zone. Cronoble  
(1969) mapped approximately 150 ft (46 m) of vertical closure at the base of the Lewis 
Shale—top Almond Formation contact. Parker and Bortz (2001) also mapped 
approximately 150 ft (46 m) of closure on a sandstone unit located about 1400 ft (427 m) 
above the basal Lewis Shale contact.  Interpretations of pre-discovery seismic data failed 
to identify the structure because abnormally low seismic velocities caused by shallow, 
gas-charged reservoirs were not recognized. Production has been established in 8 separate 
Lewis Shale sandstone reservoirs. Some production from the Lewis Shale reservoirs 
occurs outside the area of structural closure where the eastward pinch out of sandstones 
has resulted in stratigraphic traps (Parker and Bortz, 2001).  
Table Rock field is located at the intersection of Townships 18 and 19 North, 
Ranges 97 and 98 West on the northwestern flank of the Washakie basin (Figure 4.1). 
Surface mapping identified the structure and production from Tertiary reservoirs was 
discovered in 1946. Production from Lewis Shale sandstone reservoirs was established in 
1954. Dickinson (1992) mapped approximately 400 ft (122 m) of vertical closure on the 
asymmetrical, faulted anticline at the base of the Lewis Shale (top of Almond 
Formation). Robinson (1993) mapped approximately 300 ft (91 m) of closure on the 
Asquith Marker, approximately 100 to 150 ft (30 t0 46 m) above the Lewis Shale—
Almond Formation contact. Russell and Stone (1995) interpreted the Table Rock 
anticline as a Laramide thrust-generated fold related to a northeast-trending Precambrian 
basement shear zone from 3D seismic data.  
 
 
4.2. Historical Production Data 
 
Cumulative production from Lewis Shale fields is approximately 892 billion 
cubic feet of gas (BCFG) and 8.7 million barrels of oil or condensate (MMBO) through 
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August 2005 (I.H.S. Energy Group, 1999; Wyoming Oil and Gas Conservation 
Commission (WOGCC), 2005; Colorado Oil and Gas Conservation Commission 
(COGCC), 2004).  It is impossible to determine precise volumes produced from Lewis 
Shale reservoirs because of 2 problems with the available data: 1) the volumes contain an 
unknown amount of production contributed from other horizons, including reservoirs 
within the Almond, Lance, Fort Union or Wasatch Formations, and 2) production records 
available for Lewis Shale fields discovered prior to 1974 are incomplete.   
The production from Lewis Shale reservoirs, where it is combined with other 
horizons, cannot be precisely determined because surveys necessary to establish relative 
contributions (i.e., spinner or temperature surveys) are not readily available. These 
surveys are probably rare because they are expensive and are not generally required by 
state or federal regulatory agencies. A geologist employed by a company that operates 
several Lewis Shale fields, D. Muller (2002, pers. comm.), stated that Lewis Shale 
reservoirs contribute 40 to 90% of the volume where production is commingled with the 
Almond Formation at CG Road field. There are approximately 205 wells completed in  
the Lewis Shale and other horizons that have combined production totaling about 150 
BCFG within the 22 largest Lewis Shale fields (Table 4.1). Assuming a range of 40 to 
90% for Lewis Shale reservoir contributions to this 150 BCFG total yields a range of 60 
to 135 BCFG. In other words, 15 to 90 BCFG of the estimated 892 BCFG total 
cumulative production total for Lewis Shale fields was from other reservoir horizons. 
The second factor contributing to uncertainty about Lewis Shale reservoir 
production volumes is that early records for individual wells are not readily available for 
several large fields discovered prior to 1974.  Early production was reported on a lease 
basis rather than by individual well because lease production reporting was all that 
regulatory agencies required. A production data analyst for the COGCC, S. Tansey 
(2005, pers. comm.) stated that lease production records frequently included 
contributions from more than one well and more than one reservoir horizon.  
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The I.H.S. Energy Group (1999) production data provided for this study included 
some pre-1974 volumes for Lewis Shale fields in Wyoming and some pre-1970 volumes 
for Colorado fields. These volumes are frequently identical for many of the older wells at 
Desert Springs, West Side Canal, Table Rock and South Baggs fields. The identical pre-
1974 totals are probably the result of I.H.S. Energy Group dividing lease production 
totals equally among all wells on that lease, but this was not verified. Pre-1974 
production reported for 38 wells completed in Lewis Shale reservoirs was a combined 
total of about 118 BCFG (Table 4.2). There are 67 Lewis Shale wells completed prior to 
1974 with no pre-1974 production data reported. It is not possible to estimate this missing 
volume with the available data. 
Lewis Shale production data from the WOGCC website are only available for the 
period after January 1978. The production data available on the COGCC website are for 
the period after January 1999. Some historical production data prior to that available on 
the websites may be obtained at the commission offices. The Lewis Shale reservoir 
historical production data for the Hiawatha West field was examined at the COGCC 
office in Denver, Colorado, because of the large production volume attributed to only two  
wells in the field by I.H.S. Energy Group (1999).  Combined production from the two 
wells totaled nearly 50 BCFG and there was a significant volume (13 BCFG) attributed to 
the wells for the period prior to January 1970.  McCutcheon (1992) indicated 18 Lewis 
Shale reservoir producers on a Hiawatha West field map, and 15 of these wells also 
produced from at least one other horizon. The Hiawatha West field pre-1999 production  
records at the COGCC office were recorded by lease with no details available for 
individual wells. There was no data available to confirm the 18 Lewis Shale producers 
indicated by McCutcheon (1992). The Hiawatha West field production total is probably 
the least reliable of all Lewis Shale field data because of uncertainties regarding the 
combined volumes and the lack of production data for 16 Lewis Shale completions. 
Early production data for 11 Desert Springs Lewis Shale producers was provided 
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This production, totaling about 70 BCFG (Table 4.2), is believed to be reasonably 
accurate as it was compiled from information provided by early field operators. Lewis 
Shale production from the reported wells was not combined with other horizons. It is 
possible that early data for Desert Springs field could be obtained from the WOGCC 
office, but this was not investigated. L. Shannon (2002, pers. comm.) initially alerted the 
author about the early Desert Springs production missing from I.H.S. Energy Group data. 
Production was not updated to a uniform point in time for all fields during this 
analysis because the data loading process is time consuming. Updates focused on 
capturing production from the largest fields and areas where there has been significant 
recent drilling and completion activity. Focusing on larger Lewis Shale fields minimized 
production volumes not included in the current estimate, but there may be some areas of 
recent activity and production that were overlooked. Production from smaller Lewis 
Shale fields probably totals less than 10 BCFG for the period from June 1999 to August 
2005, based upon a brief survey of the data from these fields.  
 
 
4.3. Historical Production Analyses by Other Studies 
 
Doelger and Barlow (1997) estimated cumulative production from Lewis Shale 
reservoirs through 1996 at 600 billion cubic feet of gas (BCFG), but did not provide any 
details on their data analysis. They also estimated total Lewis Shale production for 1996 
to be 20 BCFG. Hettinger and Roberts (2005) estimated cumulative Lewis Shale 
reservoir production at 600 to 675 BCFG based upon analysis of I.H.S. Energy Group 
data through December, 2000.  
There is good agreement between the Lewis Shale cumulative production 
estimates determined by Hettinger and Roberts (2005) and this study when differences 
between the studies are taken into account. Pre-1974 production was not included in the 
Hettinger and Roberts (2005) total but was estimated at about 117 BCFG by this study. 
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Assuming annual Lewis Shale production of about 20 BCFG, as estimated by Doelger 
and Barlow (1997) for 1996, an additional 90 BCFG was produced during the 4.5-year 
period after Hettinger and Roberts (2005) performed their analyses and when this study 
was compiled. Adding 117 BCFG for the pre-1974 volume and 90 BCFG for the recent 
volume to the Hettinger and Roberts (2005) cumulative production estimate of 600 to 675 
BCFG, yields a range of 807 to 882 BCFG. This is close to the 892 BCFG total estimated 
in this study. 
 
 
4.4. Problems Caused by Operator Well-Naming Practices 
 
There are two additional issues contributing confusion to Lewis Shale production 
data analysis caused by the inconsistent application of field names.  The production data 
provided by I.H.S. Energy Group and available on the WOGCC and COGCC websites 
utilize the operators’ field names. Operators have applied different field names to wells 
that are located within the same geographical area. This practice results in problems when 
relying upon reported field names to group wells for production analysis. For example, 
wells producing in the Wamsutter field area are called Siberia Ridge, Red Desert or CG 
Road field wells, depending on the operator. The Lewis Shale field areas shown on 
Figure 4.1 were assigned a name based upon what the majority of wells were named in 
each area. Production reported for the fields listed in Table 4.1 was grouped by the areas 
indicated on Figure 4.1. 
Lewis Shale field well naming practices may be partly attributed to the 
development of multiple productive horizons within the same area. This is the case in the 
Hay Reservoir—Great Divide area, where two vertically isolated sandstone reservoirs 
overlap. Several “Hay Reservoir field” wells actually produce from the overlying Great 
Divide sandstone reservoir. Resolving this naming problem required mapping the 
distribution of two separate sandstone reservoir bodies. Unfortunately, mapping the 
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Lewis Shale sandstone body distribution could not be performed over all the areas that 
had issues with assigning wells in the same area with different field names. 
 
 
4.5. Cumulative Production Distribution 
 
 Cumulative production data for the Lewis Shale fields that have produced more 
than 10 BCFG are illustrated graphically in Figure 4.3. Gas is by far the dominant type of 
petroleum produced compared to oil on a heat-content-equivalent basis. Desert Springs is 
the largest Lewis Shale field by a substantial margin in terms of gas production. Hay 
Reservoir and Table Rock fields have produced slightly more oil or condensate. Water 
production does not appear to be related to gas or oil production. Water volumes should 
be considered with caution because they may not be accurately reported by operators.  
 
 
4.6. Lewis Shale Field Estimated Ultimate Recoveries 
 
 Published estimated ultimate recoveries (EURs) for several Lewis Shale fields 
have been compiled in Table 4.3. There are 3 publications that contain the majority of the 
data included in the table. Cardinal and Stewart (1979) and Miller et al. (1992) contained 
brief descriptions of most of the GGRB fields and many of these descriptions  
include an EUR.  Barlow et al. (1994) also published EURs for several fields. The 
remaining EURs in Table 4.3 were obtained from miscellaneous publications, as 
indicated. No details are provided in the publications on the method used to determine 
EURs.  
 Decline curve analyses were performed as part of this study to determine the EUR 
of 50 wells at Hay Reservoir field (Section 5.6). These wells were all determined to 
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Chapter 5. Monthly production was forecast using the Production Analyses Module of 
GeoPlus Petra® geological software, with exponential declines, and an economic limit of 
100 MCFD. The monthly production data used in the analysis were current through 
April, 2004. Gas-equivalent volumes were determined for monthly condensate 
production and summed with the monthly gas volumes in the decline analyses. Total 
EUR for the 50 wells was 160 BCFG, including 16 BCFG from gas-equivalent 
condensate volumes. 
 There is poor agreement between many of the published Lewis Shale fields EURs 
when compared to the cumulative gas production volumes. This may be attributed to 
some of the same previously mentioned issues with the production data. For example, the 
missing early Desert Springs field production data probably resulted in all of the 
published EURs to be less than what the field has already produced. It is difficult to 
explain the extremely optimistic EURs for West Side Canal by Barlow et al. (1994) and 
Hiawatha West (McCutcheon, 1992) unless there were misunderstandings about which 
wells were Lewis Shale producers at those fields.  
 
 
4.7. Estimated Undiscovered Resources 
 
Published estimates of undiscovered gas resources within the Lewis Shale range 
from 9.7 to 13.7 trillion cubic feet of gas (TCFG) (Doelger and Morton, 1999; Hettinger 
and Roberts, 2005).  The 9.7 TCFG estimate of Doelger and Morton (1999) was based 
upon analogies between undeveloped areas and existing Lewis Shale productive trends.  
The Hettinger and Roberts (2005) study was conducted as part of a U. S. 
Geological Survey resource assessment of the Greater Green River basin. Their study 
utilized the total petroleum system (TPS) approach to establish the genetic, spatial, and 
temporal relationships between the fundamental elements (source rock, reservoir rock, 
seals and overburden) and processes (generation, migration, entrapment and preservation) 
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responsible for Lewis Shale petroleum accumulations (Ahlbrandt, 2001). The Lewis 
Shale (TPS) was divided into two assessment units: one continuous (or basin-centered) 
and the other conventional. The assessment units were differentiated primarily on the 
basis of abnormal pressure, considered indicative of the continuous accumulations.  
Hettinger and Roberts (2005) used a probabilistic methodology to estimate undiscovered 
resources that have potential for development during the next 30 years.  The mean 
undiscovered resource estimate for the conventional assessment unit was 195 BCFG and 
the mean for the continuous assessment unit was 13,536 BCFG, for a combined total of 





Published estimates of Lewis Shale field cumulative and ultimate production are 
generally not reliable due to a variety of problems with available production data. 
Production data from the period prior to 1974 for Wyoming fields and prior to 1970 for 
Colorado fields are particularly suspect due to incomplete records. 
 Sandstone isopach patterns (Figure 4.2) published by several studies (Robinson, 
1993; Thyne et al., 2004; Sadikhov, 2004) indicate lobate geometries with thickening 
trends toward the northwest. This pattern may be inferred to indicate paleocurrent 
directions toward the southeast. Suryanto (2003, his Figures 3.21 to 3.32) interpreted 
isopachs for 12 sandstone intervals within an area of thick sandstone development 
(Figure 4.2) and inferred multiple orientations for paleocurrent directions.  Minton (2002) 
identified multiple sediment source directions from analyses of his cross sections, 
borehole image logs, cores and isopach maps.  
Interpretations of sandstone distribution patterns should consider the possibility of  
paleocurrent directions that may result from local tectonic influences rather than regional 
shelf-slope-basin depositional topography.  








Hay Reservoir field was selected to perform a detailed reservoir study because it 
has the most complete set of modern (post-1976) core and digital log data available of 
any Lewis Shale field in the Greater Green River basin. Hay Reservoir has also been the 
subject of 2 previous comprehensive studies. This study will expand upon the earlier 
work by providing a more detailed reservoir description based upon data from twice the 
number of wells as previously available, 9 cores, and 15- to 20-additional years of 
production history. A petrographic study addressing the nature and distribution of Hay 
Reservoir porosity is provided to help resolve contradictory data presented in the earlier 
studies. An estimate of original gas-in-place is compared to decline curve estimates of 




5.1. Previous Studies 
 
Hay Reservoir field was discovered in 1976 by the Davis Oil Company Hay 
Reservoir Unit (HRU) #1 well. The discovery well location was not based on a 
geotechnical evaluation, but was selected because the oil and gas minerals lease was 
about to expire (J. Melby, 2005, pers. comm.). 
 Brown et al. (1981) presented a comprehensive model for Hay Reservoir field 
including analyses from petrographic, log and reservoir simulation studies. They 
performed a rigorous numerical simulation where reservoir parameters, hydraulic fracture 
characteristics and reservoir fluid properties were adjusted to match pressure-production 
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histories for 4 wells. They concluded that traditional reservoir engineering approaches 
significantly underestimate the volume of recoverable gas at Hay Reservoir. Brown et al. 
(1981) predicted ultimate recoveries of 94 BCFG (billions of cubic feet of gas) for the 23 
Hay Reservoir field wells in their study.  Four of the wells included in this estimate are 
completed in a separate pool that is now considered Great Divide field. 
Van Horn and Shannon (1989) published a detailed description of Hay Reservoir 
field, including interpretations of depositional processes, sandstone distribution, 
diagenetic history, log, and core data. The basis for some of their interpretations is a 
proprietary petrographic study by Reservoirs, Inc. (Thomas et al., 1980). Van Horn and 
Shannon (1989) predicted well performance based upon considerations of movable gas 
volumes and permeability. The majority of Hay Reservoir gas production (82%) was 
attributed to an interval informally named the “F” sandstone by Van Horn and Shannon 
(1989). They estimated ultimate recovery to be 89 BCFG from 24 Hay Reservoir “F” 
sandstone producers and 4 wells completed in a separate sandstone interval that is now 
considered part of Great Divide field.  
An infill drilling program commenced in 1990 decreased spacing from 640- to 
160-acres in portions of Hay Reservoir. Pasternack (2004) performed production analysis 
of 50 Hay Reservoir wells completed in the “F” sandstone as part of a study to assess the 
role that natural fractures may have on production. Study of 9 “F” sandstone cores all 
identified fractures (Section 5.3.5).  The fractures were thought to be responsible for 
significant performance variations noted between wells (Section 5.6). The estimated 
ultimate gas recovery for the 50 “F” sandstone wells of 144 BCFG was based on 
exponential decline curve analyses of gas production that imposed an economic limit of 
100 MCFD. Condensate production is not included in this analysis of ultimate recoveries. 
There are now (February 2006) almost 100 wells that delineate Hay Reservoir 
field and the adjoining Great Divide field. There are 3 new locations permitted and 
waiting to be drilled by the current field operator, EnCana Oil and Gas (USA) Inc. 
Cumulative production totals for Hay Reservoir field through April 2004 are 120 BCFG 
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and 1.6 MMBC (millions of barrels of condensate). Note that this production total 
excludes volumes from Great Divide field. Hay Reservoir has significantly outperformed 
the predictions of the earlier studies, ranks second among all Lewis Shale fields in terms 
of cumulative gas production, and first in terms of oil or condensate production.  
 
 
5.1.1. Hay Reservoir Field Structure 
 
The Hay Reservoir area structure map published by Brown et al. (1981, their 
Figure 1) on a lower Lewis Shale marker bed indicates uniform monoclinal dip toward 
the northeast. The dip rate varies from 4 to 5 degrees and the average strike orientation is 
north 50 degrees west.  
The structure map published by Van Horn and Shannon (1989, their Figure 6) of 
the Zero Bentonite horizon indicates uniform northeastern dip. The average dip rate is 
about 3 degrees and the average strike orientation is north 50 degrees west.  
The Weimer Marker Bentonite structure map published by Pasternack (2005, his 
Figure 5) indicates uniform northeastern dip from the flank of the Rock Springs uplift 
through the Hay Reservoir field area to the axis of the Great Divide basin. The average 
dip rate on the Weimer Marker Bentonite in the Hay Reservoir field area is about 3 
degrees toward the northeast and average strike orientation is north 50 degrees west.  
Seismic data has been acquired in the Hay Reservoir field area, including a 
proprietary 3D survey. These data were not reviewed as part of this study. 
 
 
5.1.2. Hay Reservoir Field Sandstone Units 
 
Van Horn and Shannon (1989) described 8 sandstone units in the Hay Reservoir 
field area and informally named them “A” through “H”. Figure 5.1 is a net isopach map 
of the “F” sandstone, the key productive interval within the field. Van Horn and Shannon 
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log response variations in similar lithologies indicated that gamma-ray log normalization 
was necessary in order to consistently establish bed boundaries. Van Horn and Shannon 
(1989) used the following equation to normalize the gamma-ray logs used for 
determination of net sandstone thicknesses values: 
 
GR NET SAND = (0.3)(GR max - GR min) + (GR min)                                  (5.1) 
 
Where: 
GR max = maximum gamma-ray log value in a sandstone- and siltstone-free lower Lewis 
Shale interval “hot” shale 
GR min = minimum gamma-ray log value observed in an upper Lewis Shale or Fox Hills 
“clean” sandstone. 
 
Suryanto (2003) normalized gamma-ray logs for 211 wells as part of an effort to 
create a 3D geologic model of a portion of the Lewis Shale. He used Petcom PowerLog® 
software to construct multi-well histograms of digital gamma-ray logs for all wells. The 
gamma-ray logs were normalized by aligning the “clean” sandstone and “hot” shale 
peaks that appear on the histograms. The normalization included the interval from 200 ft 
(61 m) below the Lewis Shale base to 200 ft (61 m) above the Lewis Shale top. The 200-
ft (61 m) intervals of the upper Mesaverde group and the lower Fox Hills Sandstone were 
included in the normalization because it was felt they contained shallow-marine 
sandstones that have more consistent and clean gamma-ray log responses than the 
sandstones within the Lewis Shale. Suryanto (2003) pointed out that Lewis Shale 
sandstones were deposited in a variety of environments from slope to basin-floor that 
may not have consistent clean gamma-ray log responses. The normalized gamma-ray 
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5.1.3. Hay Reservoir Depositional Model 
 
Winn et al. (1985) were the first to propose that the Lewis Shale sandstones at 
Hay Reservoir and Wamsutter fields were deposited by sediment gravity flows in 
relatively deep water. Winn et al. (1987) suggested that storm base was at a water depth 
of about 325 to 500 ft (100 to 150 m) based on assumptions about the Western Interior 
Cretaceous Seaway wave fetch and analogies to the modern shelf edge. Since the Winn et 
al. (1985) study, there has been general consensus that many Lewis Shale sandstones 
were deposited in a deep-water setting by sediment gravity flows or turbidity currents 
(e.g., Van Horn and Shannon, 1985, 1989; Cain, 1986; Perman, 1990; Robinson, 1993; 
Witton, 1999; Pyles, 2000; Parker and Bortz, 2001; Minton, 2002; Gonzalez, 2003; 
Pasternack, 2004; Sadikhov, 2005).   
The Bouma (1962) idealized turbidite sequence is probably the most commonly 
used classification system for characterization of turbidite deposits. Bouma (1962) 
described a sequence of 5 units (Ta through Te) that were deposited during steadily 
diminishing current flow (Figure 5.2). An interpretation of how some of the lithofacies 
described in this study (Section 5.3.3) fit within the Bouma idealized sequence is 





Data used for the Hay Reservoir field study were obtained from several sources. 
Basic well information, including locations, operators, depths, completions and 
production data, was provided by I.H.S. Energy Group (1999). The I.H.S. Energy Group 
information was updated by records downloaded from the Wyoming Oil and Gas 
Conservation Commission (WOGCC) website. WOGCC website production data were 
updated through April 2004 and well locations were updated through February 2006. 
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raster log data. Core porosity and permeability data were provided by G. Anderson and L. 
Shannon. Most of the Hay Reservoir data were loaded into GeoPlus Petra® geological 
software. Maps and cross sections used to develop the interpretations were all created 
with this software. The production decline curve analysis and volumetric analysis were 
also performed with Petra® software. The core descriptions were constructed with 
Microsoft PowerPoint® software from files output from Petra® and AppleCORE® 





 Results from this Hay Reservoir field study are presented in several sections. This 
section contains the results from log studies of the structure and sandstone distribution in 
the field area. Section 5.3 also includes lithofacies descriptions developed from core 
studies.  The results from petrographic, petrophysical, production and paleo-structural 
analyses are presented in Sections 5.4 to 5.8. 
 
 
5.3.1. Hay Reservoir Field Structure Map 
 
Figure 5.3 is a structure map of the Weimer Marker Bentonite in the Hay 
Reservoir field area. The contour interval shown in Figure 5.3 is 50 ft (15 m), in contrast 
to the 500-ft (152-m) contour intervals shown for the same mapped horizon in Figures  
3.13 and 4.1. The north 50 degree west average strike orientation of the Weimer Marker  
Bentonite structure is consistent with the Zero Bentonite structure map of Van Horn and 
Shannon (their Figure 6, 1989). The 3 degree northeast dip of the Weimer Marker 
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structure interpretation. The Figure 5.3 Weimer Marker Bentonite structure map indicates 
very uniform monoclinal dip across the Hay Reservoir field area. 
 
 
5.3.2 Hay Reservoir Field “F” Net Sandstone Isopach Map 
 
Figure 5.4 is a net sandstone isopach for the interval Van Horn and Shannon 
(1989) informally named the “F” sandstone. Analysis of production data through April 
2004 (Section 5.6) indicates the “F” sandstone is still the primary reservoir in the Hay 
Reservoir Field area and is responsible for more than 71 percent of total production of all 
intervals. The net sandstone isopach map (Figure 5.4) is determined from a combination 
of digital normalized and un-normalized gamma-ray logs and scanned (“raster”) gamma-
ray log image data.  The normalized gamma-ray logs were provided by D. M. Wheeler 
(2004, pers. comm.), who performed the normalization using the “Base Line Shift” 
method with GeoPlus Petra® software. The net sandstone interval is defined using a 91 
API gamma-ray unit cutoff, the same as Suryanto (2003). This was verified as a good 
threshold to separate sandstone from shale by comparing log responses to 9 “F” 
sandstone interval cores.  
Raster gamma-ray logs were used determine the net “F” sandstone thickness for 
wells where no digital log data were available. Petra software provides a tool that allows 
manual selection of net sandstone using raster images. The net sandstone thicknesses 
determined from raster logs were transferred to the Petra mapping module and combined 
with the digital net sandstone thickness values. These data are posted on the map (Figure 
5.4) and are the basis for the manually drawn contours. It was necessary to adjust 
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5.3.3. Hay Reservoir Field Lithofacies Descriptions 
 
Descriptions of lithofacies are based on examination of 10 cores in the Hay 
Reservoir field area.  Five lithofacies are sandstones and comprise 76 percent of the total 
combined 512 ft (156 m) interval of the 10 cores. Five of the lithofacies are claystones  
and comprise 22 percent of the total cored interval.  Approximately 2 percent of the total 
cored interval is missing due to problems with core recovery and handling. Thicknesses 
and relative amounts of each lithofacies within the combined cored interval are 
summarized in Table 5.1. Sandstone lithofacies are differentiated on the basis of physical 
structures, the relative abundance of claystone or coaly laminations and clasts, and the 
presence of carbonate cement. The shale lithofacies are primarily distinguished on the 
basis of physical structures and the degree of bedding disruption by bioturbation. 
Core descriptions that indicate the lithofacies of each interval are provided in Appendix 
B. The descriptions contain interactive links to core photographs and thin section 
photomicrographs (Section 5.3.4). 
 
 
5.3.3.1. Generally Structureless Sandstones 
 
The generally structureless sandstone lithofacies is abbreviated “SSgs.” The SSgs 
lithofacies comprises 55 percent of the total cored sandstone interval (272 out of 512 ft or 
83 out of 156 m) and is the most abundant lithofacies observed in the 10 cores. This 
facies is characterized by the general absence of sedimentary structures due to very 
limited claystone lamination or clast content. Winn et al. (1987) corroborated the lack of 
sedimentary structures by examination of 1 core from the Hay Reservoir #5 well using x-
radiographic techniques. Rare discontinuous claystone laminations or matrix-suspended 
(“floating”) clasts are generally limited to the intervals near the basal or upper portions of 
the SSgs units, and provide a useful means for establishing the locations of contacts.  
Table 5.1. Hay Reservoir field area core lithofacies thickness analysis, in feet and percent.
Feet Percentage Feet Percentage Feet Percentage Feet Percentage Feet Percentage Feet Percentage Feet Percentage Feet Percentage Feet Percentage
Total Gross Thickness 56.50 100.00% 32.80 100.00% 54.00 100.00% 52.00 100.00% 48.00 100.00% 44.20 100.00% 56.00 100.00% 60.80 100.00% 50.50 100.00%
SSgs Gross Thickness 40.45 71.59% 25.25 76.98% 30.25 56.02% 23.15 44.52% 33.50 69.79% 31.70 71.72% 19.60 35.00% 15.50 25.49% 32.90 65.15%
SScl Gross Thickness 2.50 4.42% 0.05 0.15% 2.90 5.37% 5.45 10.48% 5.70 11.88% 0.40 0.90% 17.70 31.61% 12.20 20.07% 4.70 9.31%
SScv Gross Thickness 0.00 0.00% 2.50 7.62% 5.15 9.54% 0.40 0.77% 0.00 0.00% 0.00 0.00% 2.90 5.18% 1.00 1.64% 0.40 0.79%
SScc Gross Thickness 5.05 8.94% 2.00 6.10% 1.60 2.96% 1.35 2.60% 4.80 10.00% 1.60 3.62% 5.50 9.82% 4.50 7.40% 2.50 4.95%
SSbt Gross Thickness 0.20 0.35% 0.00 0.00% 0.00 0.00% 0.00 0.00% 0.60 1.25% 0.00 0.00% 1.40 2.50% 0.00 0.00% 0.20 0.40%
SScc and SScl Total 
Combined Gross Thickness 7.75 13.72% 2.05 6.25% 4.50 8.33% 6.80 13.08% 11.10 23.13% 2.00 4.52% 24.60 43.93% 16.70 27.47% 7.40 14.65%
CLsl Gross Thickness 2.60 4.60% 2.50 7.62% 8.85 16.39% 18.65 35.87% 0.90 1.88% 5.60 12.67% 0.10 0.18% 9.10 14.97% 0.80 1.58%
CLcb Gross Thickness 0.00 0.00% 0.00 0.00% 3.10 5.74% 0.00 0.00% 1.10 2.29% 3.60 8.14% 4.70 8.39% 15.50 25.49% 7.80 15.45%
CLmb Gross Thickness 0.00 0.00% 0.00 0.00% 0.75 1.39% 0.00 0.00% 1.40 2.92% 0.50 1.13% 3.90 6.96% 3.00 4.93% 0.80 1.58%
CLcv Gross Thickness 0.00 0.00% 0.00 0.00% 0.00 0.00% 0.90 1.73% 0.00 0.00% 0.00 0.00% 0.20 0.36% 0.00 0.00% 0.40 0.79%
CLcl Gross Thickness 0.90 1.59% 0.00 0.00% 0.00 0.00% 0.00 0.00% 0.00 0.00% 0.00 0.00% 0.00 0.00% 0.00 0.00% 0.00 0.00%
Missing 4.80 8.50% 0.50 1.52% 1.40 2.59% 2.10 4.04% 0.00 0.00% 0.80 1.81% 0.00 0.00% 0.00 0.00% 0.00 0.00%
Total Gross Thickness 511.80 100.00% 454.80 100.00% 57.00 100.00%
SSgs Gross Thickness 271.50 53.05% 252.30 55.47% 19.20 33.68% Lithofacies: SSgs = Generally structureless sandstones
SScl Gross Thickness 65.50 12.80% 51.60 11.35% 13.90 24.39% SScl = Sandstones with common to abundant claystone / coaly laminations and / or clasts
SScv Gross Thickness 13.15 2.57% 12.35 2.72% 0.80 1.40% SScv = Sandstones with convolute bedding
SScc Gross Thickness 36.40 7.11% 28.90 6.35% 7.50 13.16% SScc = Carbonate-cemented sandstones 
SSbt Gross Thickness 2.80 0.55% 2.40 0.53% 0.40 0.70% SSbt = Bioturbated sandstones
SScc and SScl Total 104.70 20.46% 82.90 18.23% 21.80 38.25%
CLsl Gross Thickness 59.90 11.70% 49.10 10.80% 10.80 18.95% CLsl = Claystones with sandstone and / or siltstone laminations
CLcb Gross Thickness 36.60 7.15% 35.80 7.87% 0.80 1.40% CLcb = Claystones (with sandstone and / or siltsone) with common bioturbation
CLmb Gross Thickness 12.05 2.35% 10.35 2.28% 1.70 2.98% CLmb = Claystones (with sandstone and / or siltsone) with limited bioturbation
CLcv Gross Thickness 1.50 0.29% 1.50 0.33% 0.00 0.00% CLcv = Claystones (with sandstone and / or siltsone) with convolute bedding
CLcl Gross Thickness 0.90 0.18% 0.90 0.20% 0.00 0.00% CLcl = Claystones (with sandstone and / or siltsone) with common coaly material
Missing 11.50 2.25% 9.60 2.11% 1.90 3.33%
Total Ss 389.35 347.55 41.80
76.07% 76.42% 73.33%
Total Shale 110.05 96.75 13.30
21.50% 21.27% 23.33%
HRU #53 HRU #57 HRU #58
Totals All Cores Totals HRU Cores Bush Lake #5 Only
HRU #52HRU #5 HRU #11 HRU #41 HRU #50 HRU #59
Combined Gross Thickness 
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Other sedimentary structures that are rarely seen within the units include dewatering, 
fluid-escape or “dish” structures. 
The basal contacts of SSgs units are sharp erosional surfaces and occasionally 
exhibit minor scouring into the underlying unit. It is frequently difficult to recognize the 
contacts between generally structureless sandstones when they occur as multiple stacked 
units because of the lack of sedimentary structures and obvious grain size differences.  
The surfaces of erosion at the base of SSgs units are also known as amalgamation 
surfaces because of the difficulty in recognizing them. The units range from about 1 to 13 
ft (0.3 to 4 m) thick and average about 4 ft (1.2 m) thick in the 10 cores, but these 
estimates are not very reliable because all contacts may not have been recognized.   
The “SSgs” lithofacies grain size ranges from very fine to medium and the 
average for all sandstones observed in the cores is fine. Subtle grain size changes, 
including thin (1 ft or 0.3 m) intervals of “coarsening-up” at the base and “fining-up” at 
the top of SSgs units, are rare. M. Wilson (2004, pers. comm.) measured the long axes of 
200 grains in the HRU #57 10,236 thin section and determined the mean length to be 
0.257 mm (lower-medium-grain-size class). This is very close to the upper-fine grain size 
determined for the HRU #57 slabbed core samples with a binocular microscope. The 
“SSgs” sandstones are typically well sorted and the grains are subrounded to subangular. 
Figure 5.5 is a photograph of the HRU #57 core boxes 1 and 2 that contains 2 
SSgs units. Core depths are indicated by the yellow marker labels on the shales in box 1 
and by the red text in the sandstone intervals. The upper SSgs unit occurs between 
10,221.5 ft and 10,225.5 in the photograph. The interval between 10,225.8 ft and 
10,228.8 ft is generally structureless, but has been carbonate cemented with either calcite 
or ferroan calcite. This cemented interval is classified as carbonate-cemented sandstone 
lithofacies and is described below in Section 5.3.3.3.  The carbonate cement is associated 
with natural fractures present in this interval, particularly visible as the vertical white line 
between 10,228 and 10,229 ft in the core photograph. There are some faint discontinuous 
claystone laminations dipping at 30 degrees to overturned in the interval from 10,229 ft  
Figure 5.5. Photograph of Hay Reservoir #57 core boxes 1 and 2. The general lack of  
dark gray claystone laminations or clasts in the light gray sandstone interval from 10,222 
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to 10,230.5 ft. The high-angle claystone laminations are interpreted to indicate soft-
sediment deformation, characteristic of the convolute-bedded sandstone lithofacies 
described in Section 5.3.3.2. The lower SSgs unit is from 10,230.5 ft to the bottom of 
core box 2 and extends about another 3 ft into box 3, not shown in this photograph. 
 
 
5.3.3.2. Sandstones with Common Claystone Laminations 
 
The sandstone with common claystone laminations lithofacies is abbreviated 
“SScl.” The SScl lithofacies comprises 11 percent of the total cored sandstone interval 
thickness or 66 out of 512 ft (20 out of 156 m). This lithofacies consists of sandstone that 
contains common to abundant claystone laminations. Sandstone grain size of the SScl 
lithofacies ranges from very fine to fine and normal- or reverse-grading is common.  
Coaly material generally associated with claystone laminations occurs infrequently, but is 
very abundant locally in some cores. 
Figure 5.6 is a photograph of SScl lithofacies in the HRU #57 core at 10,261 ft. 
The discontinuous and non-parallel interval in the upper third of the Figure 5.6 
photograph is interpreted as current ripples that have amplitudes of 0.2 in (5 mm) and 
wavelengths of 2.8 in (70 mm). Climbing and current ripples are rare in the 10 cores that 
were described, but most frequently occur within the SScl lithofacies. Current ripple 
amplitudes range from 0.1 to 0.2 in (2 to 6 mm) and wavelengths range from 1 to 2.8 in 
(25 to 70 mm). Climbing ripples have similar amplitudes.  
Angular to sub-rounded claystone rip-up clasts may also be common to abundant 
in the SScl lithofacies. The clasts are usually matrix supported. Figure 5.7 is a photograph 
of abundant angular coaly clasts and a larger-than-average claystone rip-up clast in the 
HRU #50 core at 9,905 ft. 
 
 
1 in (2.5 cm)
Figure 5.6 Photograph of Hay Reservoir #57 core at 10,261 ft showing claystone 
laminated sandstone typical of the SScl lithofacies. The dark gray claystone laminations 
are parallel and continuous to discontinuous in the lower two-thirds of the photograph. 
Laminations are discontinuous and non-parallel in upper third of photograph. The half    
inch (1.3 cm) interval at the top of the photograph contains parallel and continuous to 
discontinuous claystone laminations that are very carbonaceous.
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1 in (2.5 cm)
Figure 5.7 Photograph of SScl lithofacies in Hay Reservoir #50 core at 9,905.8 ft. 
Angular clasts in upper part of photograph are transported plant material that has been 
altered to coal. Note the internal stratification evident in the large subrounded 
claystone clast in the lower left corner.
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5.3.3.3. Carbonate-Cemented Sandstones 
 
The carbonate-cemented sandstone lithofacies is abbreviated “SScc.” The SScc 
lithofacies comprises 6 percent of the total cored sandstone interval thickness, or 36 out 
of 512 ft (11 out of 156 m). Carbonate-cemented intervals range from a few inches to 
about 3 ft (10 cm to 1 m) thick. The contacts between cemented and associated non-  
cemented intervals are sharp as determined by dripping hydrochloric acid across the core 
and observing effervescence. 
Carbonate-cemented sandstones are frequently associated with natural fractures. 
Figure 5.5 shows a SScc lithofacies unit in the HRU #57 core from 10,225.5 to 10,228.5 
that is associated with carbonate-cemented natural fractures. Fractures are described in 
detail in Section 5.3.5. 
Petrographic examination of carbonate-cemented sandstone (Section 5.4.3) 
indicates that there are multiple carbonate cement phases present including calcite, 
ferroan calcite, and ankerite. The SScc lithofacies is a product of diagenesis and not the 
result of depositional processes as the other lithofacies are. Note that petrographic 
analysis of the Hay Reservoir “F” sandstone (Section 5.4.1.4) indicates detrital carbonate 
grains generally comprise 1 to 2 percent of the framework grain total. These grains may 
provide a local supply of raw material for the cement but this was not verified.  
 
 
5.3.3.4. Convolute-Bedded Sandstones 
 
The convolute-bedded sandstone lithofacies is abbreviated “SScv.” The SScv 
lithofacies comprises 3 percent of the total cored sandstone interval thickness, or 13 out 
of 512 ft (4 out of 156 m).  Figure 5.8 is a core photograph of an example of the SScv 
lithofacies from the HRU #50 core at 9,985 ft. Convolute bedding is usually evidenced by 
discontinuous claystone laminations that dip at about 30 degrees or higher angles as  
Figure 5.8. Photograph of Hay Reservoir #50 core at 9,985 ft showing an example of 
convolute bedding of the SScv lithofacies. The contact between the dark-gray 
claystone and light-gray sandstone in the lower left hand corner is dipping at 45 
degrees. Note the shale “flames” extending from the medium-gray sandstone into the 
light-gray sandstone at the top of the photograph that indicate the semi-consolidated 
state of the sediments when these structures formed.
1 in (2.5 cm)
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shown in the Figure 5.5 core photograph interval from 10,229 to 10,230.5 ft. Convolute-
bedding generally occurs within sandstone bodies away from the contacts.  The SScv 
lithofacies rarely occur in association with convolute-bedded claystones (Section 5.3.3.9). 
This lithofacies is considered as a separate rock type because the soft-sediment 
deformation process probably results in grain repacking that may result in poorer 
reservoir quality. Volumetrically, this lithofacies is relatively rare, and there are only a 
few core plug analyses available. The limited plug analyses do suggest the SScv 
lithofacies has slightly poorer reservoir quality than the SSgs facies. Reservoir 
characteristics of the sandstone lithofacies are discussed in Section 5.5.1. 
 
 
5.3.3.5. Bioturbated Sandstones 
 
The bioturbated sandstone lithofacies is abbreviated “SSbt.” This lithofacies is the 
least common and comprises one half of 1 percent of the total cored sandstone interval or 
3 out of 512 ft (1 out of 156 m). Only half of the study cores (HRU #5, #52, #57, #59 and 
Bush Lake #5) contained this lithofacies. 
The grain size of this lithofacies is universally very fine sandstone. There are 
varying quantities of claystone interbedded or mixed with these sandstones ranging from 
about 10 to 50 percent. Thickness of the bioturbated intervals ranges from 0.5 to 6 in (1 
to 15 cm). The amount of bedding disruption ranges from minor, with laminations still 
distinct, to extensive where sandstone and claystone have been thoroughly mixed and 
homogenized.  Individual burrows, including Helminthopsis, Zoophycos and Planolites, 
were identified in some of the bioturbated sandstones. Figure 5.9 is a photograph of 






Figure 5.9. Photograph of Hay Reservoir #57 core at 10,241 ft showing an example of 
the bioturbated or SSbt lithofacies. Note that most of the bedding has been disrupted by 
burrowing, but that the sandstone and claystone remain distributed as separate irregular 
shapes. Red arrows point to possible transverse cross sections through Zoophycos 
burrows.
1 inch (2.5 cm)
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5.3.3.6. Claystones with Siltstone / Sandstone Laminations 
 
The siltstone- to very fine grained sandstone-laminated claystone lithofacies is 
abbreviated “CLsl.” The CLsl lithofacies comprises 12 percent of the total cored interval 
(60 out of 512 ft or 18 out of 156 m) and is the most common claystone lithofacies. This 
lithofacies is characterized by claystones that contain rare to common siltstone to very 
fine grained sandstone laminations with no bioturbation evident. Figure 5.10 is a 
photograph of a siltstone- to very fine grained sandstone-laminated lithofacies in the 
HRU # 58 core. The CLsl lithofacies typically contains fewer laminations or lenses than 
those shown in Figure 5.10. 
 
 
5.3.3.7. Claystones with Common Bioturbation 
 
The silty- to very fine grained sandy claystone lithofacies that contains common 
to abundant bioturbation is abbreviated “CLcb.” The CLcb lithofacies comprises 7 
percent of the total cored interval (37 out of 512 ft, or 11 out of 156 m).  A range in the 
degree of bedding disruption by bioturbation is observed in this lithofacies. The siltstone 
to very fine grained sandstone laminations may be only slightly disrupted, with some or 
most of the laminations remaining apparent. The laminations may be totally destroyed 
due to thorough mixing of the siltstone, sandstone and claystone. Figure 5.11 is a 
photograph of an example of the CLcb lithofacies in the HRU #57 core. 
 
 
5.3.3.8. Claystones with Limited Bioturbation 
  
The silty to very fine grained sandy claystone lithofacies that contains limited 
bioturbation is abbreviated “CLmb.” The CLmb lithofacies comprises 2 percent of the  
Figure 5.10. Photograph of Hay Reservoir #58 core at 10,318 ft showing an example    
of siltstone- to very fine grained sandstone-laminated claystone of the CLsl 
lithofacies. The lighter colored laminations and lenses are very fine grained sandstone 
or siltstone. The lenses (indicated by red arrows) are commonly interpreted as starved 
ripples. Note the lack of bioturbation. 
1 in (25 mm)
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1 inch (25 mm)
Figure 5.11. Photograph of the Hay Reservoir #57 core at 10,218 feet showing an   
example of silty- to very fine grained sandstone laminated-claystone with common 
bioturbation, or the CLcb lithofacies. The irregular medium- to light-gray areas contain 
siltstone and very fine grained sandstone that have been mixed with the claystone by 
burrowing organisms. Note that most bedding has been entirely disrupted. At least three 
burrow types are evident:  Terebellina, horizontal burrows appear as isolated tubes with 
0.5 mm-thick light-colored walls, circled with red lines; Helminthopsis, horizontal 
burrows appear as dark spots 1 mm in diameter (transverse section) to short dark lines up 
to 5 mm long (longitudinal section), circled with blue  lines; Teichichnus is a branching 
to vertical form, circled with a yellow line.  There are more burrows evident in this 
photograph than any other interval of the Hay Reservoir area cores.
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total cored interval (12 out of 512 ft, or 4 out of 156 m).  Bioturbation in this lithofacies 
is limited to rare, generally isolated burrows. The most common burrows that occur are  
Terebellina and Helminthopsis, but Planolites and Teichichnus are also found. Figure 
5.12 is a photograph of an example of the CLmb lithofacies in the HRU #58 core.  
 
 
5.3.3.9. Convolute-Bedded Claystones 
 
The convolute-bedded silty to very fine grained sandy claystone lithofacies is 
abbreviated “CLcv.” The CLcv lithofacies comprises less than one-third of 1 percent of 
the total cored interval (1.5 out of 512 ft, or 0.5 out of 156 m).  The convolute-bedded 
claystones are always associated with convolute-bedded sandstones. Figure 5.13 is a 
photograph of the CLcv lithofacies in the HRU #57 core. 
 
 
5.3.3.10. Claystones with Common Coaly Laminations 
 
The silty-/very fine grained sandy claystone lithofacies that contains coaly 
laminations is abbreviated “CLcl.” The CLcl lithofacies comprises less than two-tenths of 
1 percent of the total cored interval (0.9 out of 512 ft, or 27 cm out of 156 m).  It is the 
least common of all lithofacies described in the Hay Reservoir area cores and only occurs 
in the HRU #5 core. No photographs of this lithofacies are provided. 
 
 
5.3.4. Hay Reservoir Field Core Descriptions 
 
A total of ten cores were described at the U. S. Geological Survey Core Research 
Center located in Lakewood, Colorado, during this study. Nine of the cores were obtained  
1 in (25 mm)
Figure 5.12. Photograph of the Hay Reservoir #58 core at 10,310 ft showing an
example of claystone with limited bioturbation, or the CLmb lithofacies. Terebellina 
burrows appear as isolated tubes with 0.5-mm thick light-colored walls. Transverse 
sections of the  tubes are generally flattened and are 2 to 10 mm measured along the 
long axis. Longitudinal sections through the tubes appear as two sub-parallel lines.
Terebellina are the most common ichnofauna identified in the Hay Reservoir area 
cores, but this interval contains many more burrows than typical.
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1 in (25 mm)
Figure 5.13. Photograph of Hay Reservoir #57 core at 10,249 ft showing an example 
of the convolute-bedded claystones of the CLcv lithofacies. Note that the siltstone 
laminations within the dark gray CLcv claystone are relatively undeformed compared 
to the steeply dipping (and partially overturned) contact between the claystone and 
light gray sandstone, indicating that the silty claystone was semi-consolidated at the 
time this sedimentary structure was formed.
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from the Hay Reservoir Field “F” sandstone interval and the tenth core is from the Bush 
Lake #5 well located approximately 5 mi (8 km) north of the field. The Bush Lake #5 
core is included in the study because Van Horn and Shannon (1989) interpreted this core 
to be from the “F” sandstone interval. Correlations performed during this study interpret 
the Bush Lake #5 core to be of a different sandstone interval. The lithofacies observed in 
this core are similar to those in the “F” sandstone cores, so the Bush Lake #5 data are 
included with the results of some analyses. 
The ten lithofacies (Section 5.3.3) are indicated on the core descriptions with 
different colors.  Figure 5.14 is the core description legend that includes an explanation of 
the colors used to signify the different lithofacies and the symbols used to denote various 
lithologic and biogenic features. The core description graphical format is intended to 
facilitate visual comparison along each core description as well as between descriptions.  
Figure 5.15 is an example of the format used for the core descriptions that are 
included in a digital format in Appendix B. Each description includes a wireline log 
display with depth-shifted core porosities and air permeabilities, completion and 
production information. In order to allow comparison between lithofacies and log 
response, the core lithofacies color bars were compressed to the same vertical scale as the 
wireline logs. The compressed lithofacies color bars were then depth-shifted and inserted 
into the wireline log depth track. Grain size, bioturbation intensity, physical structures 
including fractures, accessory components and ichnofossils are indicated graphically.  
Remarks describing noteworthy core features are printed using different color 
fonts to indicate particular attributes. Black font is used for general remarks. Red font is 
used for fracture-related remarks. Blue font is used for carbonate cement-related 
comments. Green font is used for geochemical analysis-related comments.  
The locations of porosity and permeability analysis core sample plugs are 
indicated by the red cylinder icons where locations could be determined from the display 
core set and/or the butt core set available at the U. S. Geological Survey. Unfortunately, 
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- Claystone Clasts (>10mm) - Claystone Clasts (5-10mm) - Claystone Clasts (1-5mm)
- Carbonate Cement- Pyrite
- Climbing Ripples - Convolute Bedding
- Graded Bedding - Reverse Graded Bedding
- Current Ripples
- Parallel Claystone Laminations
- Discontinuous Parallel 
Claystone Laminations
- Discontinuous Wavy Parallel 
Claystone Laminations
- Low Angle Claystn Lams.
- Dewatering structure - High Angle Claystn Lams.- Flame Structure
- Low Angle Fracture
- Discontinuous Wavy Non-
Parallel Claystone Lams.
- Lenticular Bedding
SSbt: Sandstone abundant claystone
laminations/bioturbation
- Wavy Parallel Claystn Lams.






























Thin section described in Thomas et al. (1980)
Thin section available from USGS
SEM sample obtained from USGS




























e Thin section photomicrograph available
Core plug location
- Dissolution associated    
with fracture
Figure 5.14. Core description legend.
-Vertical Fracture; (red) natural fracture, solid 
line if healed; dashed line if partially healed 
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Core photographs are provided for all cores in Appendix B. The U. S. Geological 
Survey photographs each core once it is has been transferred into the 3 m boxes used for 
core archival storage. The U. S. Geological Survey photograph negatives were scanned at 
3200 dots per inch resolution to enable recognition of small-scale features when the 
scanned images are inspected at magnifications up to about 3 times the actual size of the 
core. These images may be accessed from the Appendix B core descriptions by moving 
the mouse cursor over the blue bar next to the core depth track and clicking. The links 
between the core descriptions and photographs are set up to provide access to the correct 
core box photograph regardless of the depth interval of interest.  
Close-up photographs of some noteworthy core features are also available. The 
location of these photographs is indicated by square blue buttons to the right of the blue 
rectangular bars. For example, the fracture in the HRU #57 core description at about 
10,226 ft has a close-up photograph available. Clicking on the blue button provides 
access to this photo. 
Sandstone grain sizes were determined using a binocular microscope set at 10 to 
20 times magnification with a grain-size comparison chart. The grain-size comparison 
chart is graduated using Wentworth Grain Size Classes divided into “lower” and “upper” 
divisions (e.g., fine sand was broken into “lower fine” and “upper fine”). Grain sizes 
were determined for each sandstone unit and the possibility of subtle grain size changes 
(“coarsening-up” or “fining-up” trends) was carefully assessed by directly comparing 
samples from the base, middle and upper portions of the units.  
Variations in the degree of bioturbation are indicated by the patterns displayed in 
the “Bioturbation Intensity” column. “Abundant” bioturbation indicates bedding has been 
entirely disrupted and homogenized. “Common” bioturbation indicates bedding is 
disrupted but sandstone and shale occur as distinct irregular shapes. “Moderate” 
bioturbation indicates approximately one-quarter of the bedding is disrupted. “Rare” 
bioturbation indicates the presence of isolated burrows. Burrow-types are indicated in the 
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next column to the right of the “Bioturbation Intensity” column using various symbols 
identified in the “Ichnofossils” section of the Figure 5.14 core legend. 
Thin section locations are indicated on the core descriptions by different color and 
size arrows in the column to the right of the “Bioturbation Intensity” column. Small red 
arrows indicate the locations of thin sections that were available at the U. S. Geological 
Survey Core Research Center prior to this study. Thin sections that were made as part of 
this study and that will be available at the U. S. Geological Survey are indicated by 
slightly larger red arrows. Small light green arrows indicate the location of thin sections 
that were described in a proprietary Thomas et al. (1980) study and discussed in Van 
Horn and Shannon (1989). Photomicrographs of thin sections are available in Appendix 
B and may be accessed by clicking on the square red buttons located next to the red 
arrows. For example, there are photomicrographs available for the thin section at 10,236 
ft indicated by the red button on the Figure 5.15 core description. 
The locations of geochemical samples or sample intervals that were obtained from 
some cores are indicated on the descriptions by green arrows. The claystone interval from 
10,216 to 10,221 ft was sampled in the HRU #57 core for RockEval® and TOC (total 
organic carbon) analyses as indicated by the green arrow located in the column to the 
right of the “Bioturbation Intensity” column. TOC analysis results are indicated by the 
heavy black solid line displayed in the track on the right side of the wireline log. A 
sample of coaly material obtained for vitrinite reflectance analysis is indicated by the 
green arrow on the HRU #57 core description at 10,267.1 ft. The geochemical sample 
analyses are discussed in Chapter 6. 
Pickett Plot analysis was performed to estimate water saturations for each of the 
cored “F” sandstone wells. This analysis was performed using data from intervals that are 
indicated by the red bar on the right side of the resistivity track. Criteria for selection of 
these intervals and the results of the Pickett Plot analysis are discussed in Section 5.5.3. A 
second approach used for performing Pickett Plot analysis was to visually select an 
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average resistivity and porosity, and these estimates are indicated on the core descriptions 
by dashed orange lines and values.  
Three core sample plugs obtained from the HRU #57 core underwent special 
analyses to determine the sensitivity of “F” sandstone permeability to overburden stress. 
The locations of these 3 sample plugs are indicated by the orange ovals and circles on the 
Figure 5.15 core description. The permeability overburden stress sensitivity analysis 
results are discussed in Section 5.5.6. 
 
 
5.3.5. Hay Reservoir “F” Sandstone Natural Fractures 
 
All of the Hay Reservoir area cores contained natural fractures (Pasternack, 
2004). Mineralization on the fracture surfaces is the key criterion used to establish the 
fact that the fractures are natural and not coring-induced. Fracture descriptions and 
photographs are provided in the Core Descriptions and the Fracture Summary Table 
(Appendix B). Petrographic analysis of 2 fractures is described in Section 5.4.3.3. 
 There are 30 vertically isolated fractured intervals identified in the cores. Most of 
the fractures are nearly vertical and range in length from 0.6 to 69 in (1.5 to 175 cm).  Six 
of the fractures are low-angle with dips that range from 0 to 50 degrees. The low-angle 
fractures range in length from 0.5 to 3 in (1.3 to 7.6 cm). The vertical fractures are mostly 
planar with smooth surfaces, but irregular surfaces occur rarely. There are 4 intervals that 
contain en echelon fractures with offsets of 0.1 to 0.3 in (2 to 8 mm). 
Fractures occur most commonly in the SSgs facies (65 percent of the time), but 
also may occur in the SScl facies and rarely in a claystone facies. Most of the fractures 
terminate within a single unit, and terminations commonly occur at contacts between 
units. Some fractures terminate against claystone laminations or clasts. 
Fractures are typically mineralized by quartz, carbonate and barite, but not 
necessarily always together. Relative proportions of the minerals vary. All minerals occur 
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as euhedral, terminated crystals and amorphous forms. Quartz crystals often occur as 
overgrowths on detrital quartz grains. The sandstone intervals associated with fractures 
are commonly carbonate-cemented.  
Four polished sections prepared to examine fluid inclusions of the minerals along 
the fracture surfaces contained rare fluid inclusions. Only 2 of the polished sections 
contained any inclusions and the inclusions only occurred within carbonate crystals. 
Carbonate crystals are susceptible to alteration and fluid inclusion analysis in carbonates 
has frequently been unreliable, so no further fluid inclusion analysis was performed.  
Thirty percent of the fractures are partially healed with open void space evident. 
Open space is indicated by the presence of euhedrally terminated crystals that grew into 
the voids between fracture surfaces. Fractures are associated with possible dissolution 
over 65 percent of the time, as indicated by the results of a core-wetting test. The core-
wetting test was suggested by T. Michalski (2003, pers. comm.) and was performed on all 
fractures. The test involves evenly wetting the slabbed core surface with a spray bottle 
and then allowing the core to slowly dry. The area around fractures frequently stayed 
damp longer, indicating there is a difference in the amount of water absorption and /or 
retention relative to the rest of the core. A series of photographs that document the stages 
of a core wetting test are available in the HRU #41 core description at 10,051 ft 
(Appendix B).  Examination of some fractures with a binocular microscope identified 
dissolution of some detrital grains. Petrographic examination of the area surrounding 2 
fractures to evaluate enhanced porosity development is discussed in Section 5.4.3.3.    
Fracture orientation has not been determined due to the unavailability of 
necessary data, including oriented core surveys, image logs, oriented dipole sonic or 
caliper logs. Attempts to orient natural fractures relative to coring-induced fractures have 
also not been successful. There are 2 intervals that contain fractures that strike at different 
orientations.  The HRU #41 core contains fractures that are oriented at 20 degrees from 
each other at 10,051 ft. A pair of fractures at 10,225.75 ft in the HRU #57 core strike at 
68 degrees from each other. The HRU #57 fractures are not a conjugate set because 
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different minerals occur on each fracture surface, indicating development took place at 
different times. 
Fracture spacing cannot be determined with the available core data.  The core-
fracture intersection probability chart in Lorenz and Hill (1992, their Figure 5) predicts 
reservoir fracture spacing averages less than 4 in (10 cm) in cases where each of the ~4 in 
(~10 cm) diameter cores encounters a fracture. This probability chart does not apply to 
the Hay Reservoir cores because the observed fractures occur in different beds (J. Lorenz, 
2004, pers. comm.).  
 
 
5.3.6.  Hay Reservoir Field “F” Sandstone Lithofacies Distribution 
  
The lateral continuity of Hay Reservoir “F” sandstone lithofacies units was 
evaluated by inspecting all of the cored intervals on 2 lines of cross section (Figures 5.16 
and 5.17). The locations of the cross sections are indicated on Figure 5.4. HRU #53 is the 
tie well that is included on both cross sections. 
There are 2 versions of each cross section and the different vertical exaggerations 
used for each cross section should be noted. The “a” versions provide a broader 
perspective that shows some of the marine flooding zones (indicated by red, purple, 
brown and orange lines) that were used as datums. Marine flooding zones are laterally 
persistent marine shale intervals that result from limited clastic deposition during 
transgressions (Gonzalez, 2003). The marine flooding zones are characterized by high 
gamma-ray and high conductivity log values.  Some of the marine flooding zones are 
based on correlations of Gonzalez (2003). The “b” version of each cross section provides 
a more limited perspective that allows inspection of the lithofacies that are identified in 
the core studies.  
All of the Figure 5.16 and 5.17 cross sections are color-filled based upon 
normalized gamma-ray log responses. Shades of yellow indicate sandy intervals and  
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shades of green indicate shaly intervals. The gamma-ray log values used to control the 
color-fill were the same for all of the cross sections as indicated by the scales. The lateral 
continuity of the color-filled intervals was controlled by the GeoPlus Petra® software  
used to generate the cross sections. The software interpolated the color-filled intervals 
based upon user-defined gridding parameters that are adjusted to obtain a reasonable 
appearance. The lateral continuity of the gross “F” sandstone interval indicated on the 
cross sections is believed to be valid; however, there is no basis for the continuity of all 
other color-filled intervals. 
A marine shale interval interpreted as a laterally persistent unit during “F” 
sandstone deposition is indicated by the dashed green line on the Figure 5.16 and 5.17 
cross sections. Three cores (Hay Reservoir Units #52, #57 and #59) contained bioturbated 
sandstones (SSbt lithofacies, Section 5.3.3.5) associated with this surface. The presence 
of the SSbt lithofacies in 3 cores associated with the same surface is noteworthy because 
this lithofacies is the most uncommon identified in the cores. A thin (approximately 2 to 
3 ft, or 0.5 to 1 m) shale was also correlated in all other wells that penetrated the “F” 
sandstone and possibly represents the same marine shale.  
The lateral continuity of other lithofacies contained within the gross “F” 
sandstone interval was evaluated by inspecting the lithofacies and amalgamation surfaces 
on the Figure 5.16b and 5.17b cross sections. Amalgamation surfaces (Section 5.3.3.1) 
are indicated along the lithofacies track by black horizontal lines or black horizontal lines 
with question marks. Even in the case where distance between cored wells is relatively 
small (e.g., 1,854 ft, or 565 m between the HRU #41 and #53 wells on Figure 5.16b), 
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5.4. Hay Reservoir “F” Sandstone Petrography 
 
 Petrographic studies determined framework grain composition and characterized 
porosity of the key productive horizon, the “F” sandstone, at Hay Reservoir field. The 
studies were, in part, an effort to resolve contradictions between published descriptions of 
core samples from 2 of the best performing field wells. New thin sections prepared from 
core samples of relatively poor-performing wells are compared with the better-producing 
well samples. Comparisons are also made between Hay Reservoir thin sections and 
samples from the top-producing Lewis Shale field, Desert Springs. Describing low 
permeability gas reservoirs such as the “F” sandstone is challenging because petrographic 
criteria to define and quantify porosity are often subjective. Relatively minor variations in 
characterizing methods may result in significantly different results. 
 
 
5.4.1. Previous Hay Reservoir “F” Sandstone Studies 
 
 Two petrographic studies have been performed at Hay Reservoir field on core 
samples from the “F” sandstone interval in the HRU #5 and #11 wells. The HRU #11 
well is the top-ranked producer of the field and the HRU #5 well is the third-ranked 
producer. Brown et al. (1981) reported the results of a study performed by P. Schluger. 
Van Horn and Shannon (1989) reported the results of a proprietary study performed by 
Reservoirs, Inc. (Thomas et al., 1980). A copy of the Thomas et al. (1980) study was 
provided by L. Shannon for reference during this study.  
Data from both petrographic studies are summarized in Table 5.2. The studies 
encompassed similar intervals in both wells, but the sample locations were not identical. 
The table indicates noteworthy differences in some of the results from the studies, 
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porosity quantities. Some of these differences may be attributed to dissimilar sample 
locations, but that does not explain all of the variation. 
 
 
5.4.1.1. “F” Sandstone and Associated Interval Provenance Studies 
 
Van Horn and Shannon (1989) interpreted the provenance of the Lewis Shale “F” 
sandstone at Hay Reservoir field to be a mixture of first cycle and polycyclic material 
derived from previously existing sedimentary, igneous and metamorphic terrains. The 
abundance of indurated sandstone clasts and fine-grained single crystal quartz was 
considered evidence of recycled sedimentary rock. 
Pryor (1961) conducted a petrographic study of Mesaverde Group sandstones 
collected from outcrops throughout Wyoming, including Almond Formation samples 
from the east flank of the Rock Springs uplift on the western margin of the study area 
(Figure 2.2). The Almond Formation is the interval immediately below the Lewis Shale 
(Figure 3.1). Pryor’s study consisted of 200 point counts per thin section of 80 samples 
and heavy mineral analyses of 160 samples.  He interpreted the abundance of 
sedimentary rock fragments, particularly chert, as evidence for a pre-existing sedimentary 
source. He concluded that the chert was chiefly derived from the Rex Chert Member of 
the Permian Phosphoria Formation and in part from the Mississippian Madison Group. 
Igneous and metamorphic sources were interpreted from the fresh feldspar grains and 
igneous and metamorphic rock fragments. Pryor (1961) attributed Mesaverde Group 
sediments to Laramide movements that exposed crystalline rocks of the Idaho Batholith, 
sedimentary rocks of the Belt series and Paleozoic rocks of central Utah and southern 
Idaho. 
Hickling (1991) conducted a petrographic study of 126 oriented sandstone 
samples collected along 4 outcrop traverses through the Fox Hills Sandstone on the east 
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flank of the Rock Springs Uplift (Figure 2.2). The Fox Hills Sandstone is the interval 
immediately above the Lewis Shale (Figure 3.1).  
Quartz (61% average modal composition) exhibited only slight undulose 
extinction, suggesting that it had not been subjected to medium- to high-grade 
metamorphism. This was interpreted by Hickling (1991) to indicate a source terrain that 
consisted of sedimentary rocks rather than plutonic or high-grade metamorphic rocks.  
Chert (15% average modal composition) was interpreted to be associated with 
carbonate rocks in the source terrain. Although a common component of carbonate rocks, 
initially forming from siliceous oozes during various stages of carbonate rock formation, 
it is generally only a minor constituent. Because chert is much harder and chemically 
more resistant than carbonate minerals, a much higher percentage of chert will survive 
transport.  Therefore, the large amount of chert in the Fox Hills Sandstone was 
interpreted to indicate that a large volume of carbonate rocks must have been eroded in 
the source terrain (Hickling, 1991).  Lithic rock fragments other than chert (12% average 
modal composition) consisted mostly of shale, siltstone and phyllite.  
Feldspar (6% average modal composition) consisted of 90 percent potassium 
feldspar and about 10 percent of well-twinned plagioclase. Several grains of “gridiron” 
twinned microcline were identified, but their scarcity was also interpreted to indicate a 
non-plutonic source terrain (Hickling, 1991).  
Hickling (1991) identified primary dolomite (3.7% average modal composition) 
and attributed it to formation within the depositional basin prior to final settling and 
burial. The primary dolomite consisted of single rhombic crystals abraded to various 
degrees and sorted to the size of the associated sand grains. The conditions that may have 
contributed to the precipitation of primary dolomite at the time of deposition include 
hypersalinity, vigorous plant growth, restricted circulation of seawater, and available 
calcite or aragonite from detrital carbonate grains.  
Detrital dolomite and limestone (2.2% average modal composition) were 
interpreted to indicate a sedimentary source terrain that contained carbonates (Hickling, 
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1991). Dolomite grains were much more abundant than limestone grains. Note that 
carbonate grains (detrital and primary) were not found in the Fox Hills Sandstones 
interpreted as upper shoreface depositional facies. The upper shoreface sandstones were 
also found to contain 2½ times less matrix than the intervals interpreted as middle to 
lower shoreface depositional facies. This suggests that the upper shoreface sandstones 
were deposited under higher-energy conditions that were adequate to destroy the 
carbonate grains by abrasion and winnow a higher percentage of matrix (Hickling, 1991).  
Hickling (1991) proposed the Sevier orogenic belt to the west as the source for the 
Fox Hills Sandstone because it fulfills several criteria: (1) older than the Fox Hills, (2) 
elevated high enough during the Late Cretaceous for an appropriately oriented (west to 
east) erosional gradient to exist, (3) able to supply a large volume of chert, and (4) close 




5.4.1.2. “F” Sandstone Diagenetic History 
 
Thomas et al. (1980) interpreted the Hay Reservoir “F” sandstone diagenetic 
history and Van Horn and Shannon (p. 169, 1989) presented the following sequence:  
1. Deposition, initial dewatering, and compaction of feldspathic-quartzose grains 
with primary intergranular porosity in the range of 40%. 
2. Initial chloritization of iron-rich volcanic rock fragments, partial decay of 
micaceous grains and possible initial dissolution of lithic and feldspathic 
fragments. 
3. Partial quartz cementation and compaction of soft lithic fragments into 
“pseudomatrix.” 
4. Local precipitation of calcite and continued dissolution of feldspars. 
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5. Scattered calcite cementation and partial infilling of intragranular pore space in 
leached feldspars. 
6. Partial dissolution (second stage) of calcite cement and intragranular spar. 
7. Second stage of precipitation of authigenic clays, principally illite and lesser 
amounts of chlorite. 
8. Formation of pyrite associated with organic material. 
Early petroleum charging has frequently been cited as a mechanism to inhibit 
reservoir diagenesis. Ehrenberg and Nadeau (2005) found limited evidence to support 
porosity preservation in sandstones by petroleum charging in a global assessment of 
petroleum reservoirs. Wilson (1994) stated that significant reductions in porosity have 
rarely been irrefutably demonstrated between petroleum-charged and downdip un-
charged sandstone reservoirs. The difficulty in demonstrating this relationship results 
from the fact that comparisons do not account for other differences that exist between the 
petroleum-charged and downdip un-charged sample sets (Wilson, 1994). In order to 
demonstrate meaningful differences, comparisons must be made between samples 
representing equivalent ages, burial depths, (temperatures and pressures), mineralogy and 
textures (Wilson, 1994).  
Wilson (1994) cites several studies of North Sea fields where significantly lower 
permeabilities occur in the downdip un-charged portions of reservoirs due to the 
development of authigenic illite. Brown et al. (1981) suggested that early updip charging 
of the “F” sandstone inhibited development of authigenic clays. Burial history studies of 
the Eagles Nest well located near the Great Divide basin axis about 30 mi (48 km) east of 
Hay Reservoir suggest that gas generation responsible for charging of the “F” sandstone 
probably commenced 63 million years ago (Roberts et al., 2004, 2005).  
Organic-rich shales proximal to the “F” sandstone could have provided a local 
source for organic acids. The shales associated with the “F” sandstone are currently at the 
peak gas generation thermal maturity stage (Ro = 0.85 to 1.06 percent) based on vitrinite 
reflectance analyses by M. Pawlewicz (2004, pers. comm.). 
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5.4.1.3. “F” Sandstone Porosity 
  
A primary purpose of the Brown et al. (1981) petrographic study was to determine 
the types and quantities of Hay Reservoir “F” sandstone porosity. In an effort to provide 
the best possible porosity assessment, an unusual method was used to prepare the thin 
sections. Large, uncut samples were impregnated with blue epoxy as the first step in thin 
section preparation. Samples are typically trimmed to the approximate size of the glass 
slides used to make thin sections because of the difficulty injecting blue-dyed epoxy into 
the pores of low-permeability sandstones. The pressure applied during the impregnation 
process was not specified, but thin section photomicrograph analysis indicated that epoxy 
had penetrated the smallest observable pores. 
Brown et al. (1981) interpreted 4 types of porosity: 1) intergranular porosity 
formed at the junction of detrital grains; 2) solution porosity that occurs in partially 
dissolved feldspar and rock fragments; 3) microporosity in intergranular pores partially 
filled with clays, and; 4) microporosity in partially clay-filled solution pores. The 
reported average total thin section visible porosity was 14.2 percent and 40 to 50 percent 
of the total was interpreted as microporosity.  Scanning electron microscope (SEM) and 
X-ray diffraction (XRD) analysis of 2 samples indicated the pore-lining clay consisted 
dominantly of illite, with lesser quantities of kaolinite, chlorite and mixed layer-smectite 
clays (Brown et al., 1981).  
Thomas et al. (1980) did not specify how thin sections were prepared. They 
interpreted thin section visible porosity to range from 1 to 12 percent (average 5.8 
percent) and consist of 3 types: 1) intergranular porosity comprises 73 percent of the 
total; 2) intragranular porosity comprises 21 percent, and; 3) microporosity makes up the 
remaining 6 percent. XRD analyses performed on 12 samples indicated that clays were a 
mixture of chlorite (average 56 percent) and illite (average 44 percent).  
The intragranular porosity identified by Thomas et al. (1980) was interpreted by 
Van Horn and Shannon (1989) to result from extensive dissolution of feldspars and 
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volcanic rock fragments. Van Horn and Shannon (1989) hypothesized that dissolution 




5.4.1.3. Secondary Porosity Studies 
 
Intragranular, or secondary porosity, has been recognized in sandstones for over 
30 years (e.g., Heald and Larese, 1973). The amounts of secondary porosity and 
mechanisms explaining its origin have been the subject of considerable debate. They will 
be briefly reviewed here. The influential papers of Schmidt and McDonald (1979a, 
1979b) attributed half or more of sandstone porosity in worldwide sedimentary basins to 
be secondary in origin. Schmidt and McDonald (1979a) suggested 2 mechanisms for the 
generation of carbonic acid that would have the capacity to dissolve carbonate cements or 
grains: 1) mixing of atmospheric carbon dioxide and ground water at shallow depths, or 
2) thermomaturation of organic matter at greater depths.   
Surdam et al. (1984) proposed a model to explain secondary porosity 
development in sandstones by organic (carboxylic family) acid dissolution of feldspar. 
The model was based upon a series of experiments that demonstrated: 1) plagioclase 
feldspars are soluble in carboxylic acid solutions that are thought to be similar (in terms 
of concentrations and temperatures) to natural oil field waters, and 2) there is carboxylic 
acid generative potential of type I and III kerogens during thermal degradation. They 
noted that the coincidence in time, temperature and space between source-rock carboxylic 
acid expulsion and release of water by smectite-to-illite transformation provides a mass- 
transfer mechanism to convey water-soluble acid into a reservoir just prior to charging 
with petroleum.  
Giles et al. (1994) considered the role that organic acids may have played in the 
development of sandstone secondary porosity to be limited for several reasons. First, they 
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were unable to establish an association between secondary porosity development and the 
temperature range at which carboxylic acids are most abundant. Second, the bulk of 
published experimental data on feldspar dissolution by organic acids was found to 
contradict the results reported by Surdam et al. (1984). The published data indicate that 
dissolution was insignificant unless the pH values of the experiments were unrealistically 
low. Third, there are sufficient reactive minerals within most source rocks to neutralize 
any acids produced. Exceptionally acidic solutions may be generated in the vicinity of 
coals, but these acids would be rapidly neutralized in nearby sandstones. Giles et al. 
(1994) considered sandstone secondary porosity to be very widespread and likely the 
product of several mechanisms. 
Bloch (1994) provided a review of processes that have been considered for 
secondary porosity development. He suggested that the most effective mechanism for 
secondary porosity generation is probably leaching by meteoric water influx at shallow 
depths.  Secondary porosity developed in deep (6,500 to 13,000 ft, or 2 to 4 km) 
sandstones may be primarily “redistributional” in nature (Bjørlykke, 1984; Giles and de 
Boer, 1990). Redistributional secondary porosity results from dissolved framework grains 
or cements reprecipitating in nearby pore space and results in zero net porosity gain. 
While there may be no effect on the total porosity, redistributional secondary porosity 
may affect pore geometry, pore-size distribution and permeability (Bloch, 1994). Bloch 
(1994) concluded that the amount of secondary porosity and its overall influence on 
sandstone reservoir quality is frequently overemphasized. 
 
 
5.4.2. Petrographic Study Methods 
 
The primary objectives of this petrographic study were to examine differences 
between earlier studies of Brown et al., (1981) and Van Horn and Shannon (1989) (Table 
5.1) and to compare porosity development in the HRU #5 and #11 thin sections with core 
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samples from other Hay Reservoir field wells. The thin sections made for the earlier 
studies were not located, but the U.S. Geological Survey Core Research Center in 
Lakewood, Colorado, had numerous Hay Reservoir field thin sections available. G. P. 
Anderson provided additional thin sections from Hay Reservoir field. Unfortunately, 
many of the available thin sections have not been stained to allow identification of 
feldspar or carbonate species. Other problems observed with the available Hay Reservoir 
thin sections included: 1) uneven thin section thicknesses; 2) excessive grain plucking, 
and; 3) poor epoxy impregnation. The inventory of available thin sections, including 
condition of staining, section thickness, cover-slip mounting, visible porosity, and brief 
descriptions, is included in Appendix C. 
 
 
5.4.2.1. New Thin Section Sample Selection 
 
A total of 25 new thin sections prepared for this study supplemented those that 
were previously available. Ideally, thin section samples should be obtained from the 1-in 
(2.5 cm) diameter core plugs analyzed for porosity and permeability in order to allow thin 
section visible porosity to be compared directly with the plug analysis. These plugs were 
not available, so thin section samples were taken as close to the location of the plug as 
possible in the core samples available at the U. S. Geological Survey Core Research 
Center. The criteria for sample selection included: 
1. Core plug analyses and/or wireline logs indicated unusual porosity and 
permeability and/or gamma ray or resistivity log response. 
2. Samples representing each sandstone lithofacies identified during core 
descriptions, from wells located in different parts of the field. 
3. Samples across vertical and horizontal fractures for the purpose of studying the 
possible development of microfractures and enhanced porosity due to dissolution. 
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The range of porosity and permeability values for the thin section samples are 
indicated on Figure 5.18.  The porosity and permeability values assigned to the thin 
sections are estimates based on the nearest core plug measurement and may not always be 
accurate.  Porosity values for the new thin section samples range from 3.5 to 11.0 percent 
and unstressed air permeability values range from less than 0.01 to 0.13 md.  Thin 
sections available from the U. S. Geological Core Research Center have porosities that 
range from 3.1 to 11.7 percent and unstressed air permeabilities that range from 0.01 to 
0.32 md (Appendix C). 
 
 
5.4.2.2 Thin Section Preparation 
 
Proper thin section preparation is critical for petrographic studies, but is rarely 
done perfectly because it is a multiple-step process that requires precision at every stage. 
Problems observed with the Hay Reservoir thin sections available at the U. S. Geological 
Survey, or on loan from G. P. Anderson, are noted in Section 5.4.2. A thin section 
laboratory frequently recommended by Denver-area petrographers prepared some of the 
new samples. Written and verbal (phone call) communications to the laboratory provided 
details about requirements for carbonate and feldspar staining. The laboratory suggested 
the use of a special epoxy dyed with rhodamine to aid in micro-fracture identification. 
Rhodamine red-dyed epoxy is used by highway safety engineers for detection of stress-
related microfracture development in concrete structures such as bridges. Six of the 8 
initial thin sections sampled from the vicinity of natural fractures observed in cores were 
impregnated with the rhodamine-dyed epoxy. All 8 of the initial thin sections received 
from the laboratory were of poor quality due to excessive grain plucking and uneven 
staining. The poor quality thin sections obtained from the laboratory demonstrate that 
even reputable thin section preparation firms have problems with quality control. 
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The inability to work closely with the laboratory (despite efforts to effectively 
communicate) resulted in significant delays in obtaining the thin sections. The only thin 
section preparation laboratory currently operating in the Denver area made the remaining 
thin sections in an effort to expedite the process. This thin section laboratory is managed 
by J. Skok at CSM. J. Shannon (CSM Microprobe Operator), who conducted the majority 
of thin-section point count analyses for this study, worked closely with Skok to ensure 
proper preparation. The thin sections were all dual carbonate stained (Alizarin red and 
potassium ferrocyanide) to allow identification of the multiple phases of carbonate 
present in the Hay Reservoir samples. All of the thin sections also were stained with 
sodium cobaltinitrite to facilitate identification of potassium feldspar. Details of the thin 
section preparation procedure are provided in Appendix C. 
 
 
5.4.2.3 Thin Section Point Counting Procedure 
 
J. Shannon conducted thin section point count analyses for 4 samples from Hay 
Reservoir “F” sandstone and 5 samples from Desert Springs field. Shannon’s 
petrographic expertise has been primarily in conducting studies of igneous and 
metamorphic rocks. Therefore, an experienced sedimentary petrographer, M. Wilson, 
provided consultation about appropriate procedures. J. Shannon and M. Wilson both 
point counted 2 of the 9 thin sections and the results acted as part of a calibration process 
for Shannon’s descriptions.  
J. Shannon counted 600 points for most of the thin sections, with data compiled at 
the 300, 400, 500 and 600 count totals. These data provided a basis to determine the 
amount of variation resulting from different point count totals and evaluate the minimum 
number of points necessary to adequately characterize the samples. This addressed 
concerns from observations of highly variable porosity and cement development in some 
of the thin sections.  Additional details regarding point counting practices including 
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which framework grains are placed in each ternary diagram pole category are described 
in Appendix C. 
 
 
5.4.2.4. Additional Petrographic Descriptions and Methods 
 
Descriptions of Hay Reservoir “F” sandstone thin sections utilized several 
methods in addition to point counting.  Porosity estimates from visual inspection of thin 
sections by J. Shannon, M. Longman (an experienced sedimentary petrographer) and the 
author are provided in Appendix C. Thin section visual porosity estimates are compared 
to porosities determined by core plug analyses in Table 5.3. J. Shannon provided brief 
petrographic descriptions of the HRU #5 and #11 thin sections, noting the presence of 
microstylolites, poikilotopic carbonate cement and pore-lining illite (Appendix C and 
Table 5.3). 
Position-tagged spectrometry (“PTS”) is a recently developed technique that 
utilizes a computer-controlled scanning electron microscope (“SEM”) to map the 
distribution of elements within a specimen. J. Shannon and J. Skok mapped a Hay 
Reservoir thin section (HRU#52 -10,125.5) with PTS to determine if the framework 
grains could be differentiated on the basis of their elemental composition. The PTS thin 
section maps could provide relative quantities of each framework grain if they can be 
discriminated. This would eliminate the need to stain thin sections for mineral 
identification and also provide an alternative to point count analyses.  Unfortunately, the 
Hay Reservoir sample contained so many different framework grain types that the PTS 
system could not be configured to identify them all.  
An additional problem with the PTS system is that it did not recognize the epoxy-
filled pores because epoxy is an organic compound that could not be detected. It is 
possible that addition of an inorganic compound to the epoxy would allow the PTS 
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framework grain differentiation.  The PTS mapping did provide detection of barium, 
which subsequent petrographic investigation by J. Shannon identified as rare barite 
occurrences.  
T. De Keyser provided high resolution 4800 dpi (dots per inch) scans of eleven 
thin sections in a digital format (“TIF” images). These scans covered the entire thin 
section area and the digital format of the images permitted determination of the area of 
blue or rhodamine-red epoxy-filled porosity using digital image analysis. Digital image 
analysis utilized Adobe Photoshop® software. The Photoshop® “Magic Wand®” tool 
selected a single blue epoxy-filled pore on the image. The “Select” and “Similar” 
Photoshop® functions selected similar color areas over the rest of the image. The blue 
epoxy-filled area selected by Photoshop® was variable and depended upon the Magic 
Wand® tool tolerance setting, which pore was initially chosen with the tool, and the area 
chosen within the pore.  Different tool tolerance settings and multiple pores or pore areas 
were chosen to determine the range over which similar color areas were selected by the 
software. The digital image analysis estimated porosity values listed in Table 5.3 indicate 
the range of blue epoxy-filled area selected by the software. In some cases the software 
selected too small or large an area that did not coincide with the blue epoxy-filled areas 
and these selections were not included in the range of porosity estimates. The digital 
image analysis technique provided an alternative to estimation of visible porosity by 
conventional petrographic point counting methods.   
Digital image analyses were also performed on photomicrographs provided by M. 
Longman. Longman contributed interpretations and photomicrographs for eleven Hay 
Reservoir thin sections (Appendix C).  He did not perform point count analysis but 
visually scanned each thin section to determine an area he considered representative of 
the sample. He estimated the visible porosity in that area and documented the evaluation 
with a photomicrograph. The 4 by 6 in (10 by 15 cm) 40- to 100-times magnification 
photomicrographs provided by Longman were scanned at a resolution of 400 dpi to allow 
digital image analyses. Image analyses performed on the Longman photomicrographs 
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were compared to the analyses of the entire thin section scans provided by De Keyser. 
The comparison provided a basis for judging how well the thin section scans were 
capable of detecting visible porosity. 
Eight new thin sections were prepared to examine the vicinity of 3 naturally 
fractured intervals in the core from the HRU #53 well. The thin sections were oriented 
parallel and perpendicular to bedding through the fractures and were impregnated with 
rhodamine red-dyed epoxy to facilitate microfracture identification.  These thin sections 
were also examined to determine if porosity improves in the vicinity of fractures. 
Four polished thin sections were prepared to examine the minerals precipitated 
along the fracture surfaces for fluid inclusions (Section 5.3.5). Fluid inclusion analysis 
was not performed because inclusions are very rare and are found only in carbonate 
minerals.  Carbonate minerals are susceptible to alteration and fluid inclusion analysis in 
carbonates has frequently been unreliable. 
 
 
5.4.3. Thin Section Point Counting Results 
 
Framework grain compositions from point count analyses performed by J. 
Shannon and M. Wilson are plotted on the ternary diagram in Figure 5.19. The raw point 
count data and brief petrographic descriptions are contained in Appendix C. The ternary 
diagram used to plot this data is based on the Pettijohn et al. (1973) classification. This 
classification is utilized because Van Horn and Shannon (1989) employed it and Pryor 
(1961) used an earlier but similar version (Pettijohn, 1957). Both Pettijohn classification 
systems place quartz and chert in the quartz pole of the ternary diagram. The 
classifications also utilized the same values to define the subdivisions indicated with solid 
black lines on the ternary diagram. The Pettijohn (1957) and Pettijohn et al. (1973) 
classifications differ slightly in the terminology applied to the diagram subdivisions.  
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The 300-, 400-, 500- and 600-count totals provided by J. Shannon are plotted in 
Figure 5.19 to show the amount of variation resulting from different point count totals. 
There is some scatter between the 300- to 600-point count data for each thin section, but 
the variation is typically less than 2 percent for each major component (quartz, feldspar 
or rock fragments). Comparison of porosity totals determined using the 300- to 600-point 
count totals also indicated no more than 2 porosity unit percent variation.  The limited 
amount of variation suggests that selecting a minimum of 300 point counts per thin 
section is probably adequate.  
The 2 calibration thin sections point counted by both petrographers are the HRU 
#57 - 10,236 and Desert Springs (DS) #16 - 5,694 samples. The framework grain point-
count results for the HRU #57 - 10,236 thin section by both petrographers are remarkably 
close, as indicated on Figure 5.19 by the red and green dots. Note that each petrographer 
performed point counting independently and that results were compared only after 
counting was completed. There were some significant differences in individual point-
counting categories, but these are not evident because of the manner data are combined 
into the 3 ternary diagram poles.  
The framework grain point count results for the DS #16 - 5,694 thin section by 
Shannon and Wilson are different, as indicated by the red and green triangles on Figure 
5.19. The potassium feldspar staining was weak to nonexistent over much of the thin 
section, so Wilson point counted only 25 percent of the sample where staining was 
adequate. Shannon point counted only about one-third of the area that Wilson counted.  
Framework grain compositions from the J. Shannon and M. Wilson point count 
analyses are plotted with the Thomas et al. (1980) and Pryor (1961) Mesaverde Group 
sandstone data on the ternary diagram in Figure 5.20. Only the 300-point count totals 
from Shannon are shown for clarity. The Mesaverde Group sandstones are slightly less 
lithic in composition on average compared to both the Hay Reservoir and Desert Springs 
Lewis Shale sandstones. Note the significant difference in the amount of feldspar 
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Figure 5.21 is similar to Figure 5.20, but the Mesaverde Group sandstone data 
have been replaced by Fox Hills Sandstone data from Hickling (1991). The ternary 
diagrams published in Hickling (his Figures 4 and 5, 1991) utilized the Folk (1974) 
classification system, which includes chert in the rock fragment pole. It was possible to 
plot the Fox Hills Sandstone data using the Pettijohn et al. (1973) classification because 
chert was listed as a separate component in Table 1 of Hickling (1991) and the quartz and 
rock fragment poles could be recalculated. The Pettijohn et al. (1973) system results in 
the majority of the Fox Hills Sandstone being classified as a sublitharenite. The Folk 
(1974) classification for the majority of the Fox Hills Sandstones point counted by 
Hickling (1991) is a litharenite.  The Fox Hills Sandstone contains significantly lower 
quantities of lithic grains compared to the Hay Reservoir and Desert Springs sandstone 
composition indicated on the ternary diagram. 
A key result of the point counting not evident on the ternary diagrams is the 
significant difference in the amount of potassium feldspar identified in the Hay Reservoir 
compared to the Desert Springs thin sections (Appendix C). Potassium feldspar was 
identified very rarely in the Hay Reservoir thin sections, and only in trace quantities (less 
than 1 percent). In contrast, all of the Desert Springs thin sections contained potassium 
feldspar. Potassium feldspar accounted for about 10 to 30 percent of the total feldspar 
identified in the Desert Springs samples. Desert Springs feldspars included plagioclase 
grains, granitic rock fragments (that contained greater than 40 percent feldspar) and 
feldspathic sandstone/siltstone/mudstone fragments.   
Another result of the point counting not evident on the ternary diagrams is that 
most poikilotopic carbonate cement was identified as ferroan calcite where dual 
carbonate staining was available to assist in recognition. The poikilotopic ferroan calcite 
is interpreted to be early in 3 thin sections (Table 5.3), as suggested from the relatively 
low contact index between detrital grains. Most poikilotopic carbonate cement was 
precipitated following significant grain compaction. Ferroan calcite, calcite and barite 
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Pore-lining illite clay or possible pore-lining illite clay was noted in a few thin 
sections by J. Shannon and M. Wilson (Table 5.3). The HRU #50 – 9,895 thin section 
contained the most pore-lining illite, identified in 2.2 percent of the total points counted 




5.4.3.1. Thin Section Porosity Analysis Results 
 
Porosity estimates provided for the same thin section by the petrographers 
participating in the study were often inconsistent in the amount and type of porosity 
identified (Table 5.3). For example, the HRU #57 - 10,236 thin section was point counted 
by 2 petrographers and a third provided a visual estimation of porosity. One point count 
analysis indicated visible porosity was 1.6 percent (1.3 percent intergranular and 0.3 
percent intragranular). The other point count analysis indicated visible porosity was 5.5 
percent (3.3 percent intergranular and 2.2 percent intragranular). The visual porosity 
estimate indicated that it was approximately equal to the core plug measured porosity of 
about 9 percent.  
Figures 5.25 to 5.27 are digital image analyses performed on scans of photo-
micrographs provided by M. Longman and a scan of the entire thin section of the HRU 
#57 - 10,236 sample provided by T. De Keyser. The analyses shown in Figures 5.25 and 
5.26 demonstrate that the blue epoxy-filled pores comprise about 9 percent of the image 
area—the same as the visual estimate. Note that the porosities obtained from the images 
cropped from the De Keyser thin section scan are similar to the values obtained from the 
scanned Longman photomicrographs.  The reason that the De Keyser scanned images 
appear out-of-focus or “fuzzy” is the resolution loss caused by enlargement of the 
cropped areas. The cropped areas are magnified approximately 50 times results in a 





































































































































































































































































































































































































































































   



















































Figure 5.24. Digital image analysis of Hay Reservoir #57 - 10236 ft thin section. Thin 
section scanned at 4800 dpi provided by T. De Keyser. Lower image is blue epoxy-
filled porosity = 1.2 to 4.4% selected with software employing same parameters as 
used in Figures 5.25 and 5.26. Location of Figure 5.25 image indicated by red arrow 
and rectangle in upper center; Figure 5.26 image location indicated by green arrow 


























































































































































































































































































































































































































































































































































































































































































Figure 5.27. Digital image analysis of Hay Reservoir #59 – 10,325 thin section. Thin 
section scanned at 4800 dpi provided by T. L. De Keyser. Nearest core plug porosity = 
9.4% and permeability = 0.099 md. Lower image is blue epoxy-filled pores selected 
using Photoshop® software. Digital image analysis of porosity ranged from 2.2 to 4.0% 
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Comparison of the images that contain only the blue epoxy-filled pores also 
suggests that the De Keyser entire thin section scans are capable of detecting the porosity 
accurately. The capability of the thin section scans to detect porosity demonstrated by 
these comparisons provided the basis for the digital image porosity analyses performed 
on all other scans that are part of this study. The results of all digital image porosity 
analyses, the raw thin section scans, and image analyses with porosity selected using 
Photoshop® software are included in Appendix C. 
Figure 5.27 shows an image of nearly the entire HRU #57 - 10,236 thin section. 
The margins were trimmed to remove the ragged sample edges that would adversely 
affect the image analysis. This is a perspective that conventional petrographic techniques 
cannot obtain. Petrographic microscopes have very limited fields of view as indicated by 
the red rectangles on the upper image shown in Figure 5.27. The image that contains only 
the blue epoxy-filled pores also provides an interesting perspective that emphasizes the 
non-uniform distribution of porosity. Digital image analyses of the blue epoxy-filled 
pores identified a range of porosity from 1.2 to 4.4 percent, similar to the results of the 
point count analyses. 
 
 
5.4.3.2. Thin Section Porosity Analysis Results for Key Reservoir Lithofacies  
  
The HRU #11 – 9,943 thin section, which sampled nearest the core plug with the 
highest porosity and permeability measurement for the “F” sandstone, is shown in 
Figures 5.25 and 5.26. The core plug porosity is 11.7% and the permeability is 0.32 md. 
The HRU #11 – 9,943 thin section also has the highest visible porosity determined with 
digital image analysis (Table 5.3 and Figure 5.25).  The photomicrographs shown in 
Figure 5.26 contain common blue epoxy-filled pores that may be interpreted as secondary 
porosity. The presence of a carbonate grain seems to contradict the secondary porosity 
interpretation. This is because the carbonate grain would likely have been removed by 
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dissolution prior to other grains that appear to be dissolved in the photomicrograph, 
primarily plagioclase feldspar. 
The HRU #11 – 9,943 thin section visual estimate of porosity is also among the 
highest. Note that all thin sections that had 5 percent or more estimates of visual porosity 
are samples from the generally structureless or SSgs lithofacies (Table 5.3). 
The HRU #59 well is located the farthest downdip structurally of any of the “F” 
sandstone cored wells. The HRU #59 – 10,325 thin section sample was obtained near the 
core plug with the highest porosity and permeability for this well. Digital image analysis 
results for this thin section are listed in Table 5.3 and shown in Figure 5.27. The blue 
epoxy-filled pore area determined with digital image analysis of this thin section ranged 
from 2.2 to 4.0 percent, less than half of the core plug measured porosity. This thin 
section, similar to the sample with the highest “F” sandstone porosity described above, is 
also from the SSgs lithofacies.  Additional photomicrographs and scanned thin section 
images for the SSgs lithofacies are available in Appendices B and C. 
The HRU #57 – 10,254 thin section is an example of claystone-laminated 
sandstone of the SScl lithofacies. Digital image analysis of the porosity visible in this thin 
section is shown in Figure 5.28 and photomicrographs are shown in Figure 5.29. The 
limited visible porosity is significantly less than the core plug measured porosity of 7.6 
percent. The low-amplitude microstylolites evident in the Figure 5.29 photomicrographs 
are commonly observed in thin sections from the SScl lithofacies (Table 5.3).  
Microstylolites are also noted in the SSgs lithofacies thin sections (Table 5.3), but are 
probably less common than in the SScl lithofacies. This has not been quantified.  
The HRU #5 – 10,028 thin section is an example of the carbonate-cemented 
sandstone or SScc lithofacies (Figure 5.30). Carbonate cement fills nearly all the 
intergranular pore space in the thin section, typical for the SScc lithofacies. Visual 
estimates of SScc thin section total cement content range from about 5 to 20 percent. The 
cement is in crystallographic continuity (or “poikilotopic”) demonstrated by observations 
of simultaneous cement extinction when rotating the petrographic microscope 
Figure 5.28. Digital image analysis of Hay Reservoir #57 - 10254 ft 4800 dpi thin section 
scan provided by T. De Keyser. The location of the photomicrograph shown in Figure 
5.32 is indicated by the red rectangle and arrow. Lower image is blue epoxy-filled pores 
only selected with Photoshop® software. Digital image analysis of porosity ranged from 
0.9 to = 1.2% depending on software selection parameters. Thin section sample was 
obtained adjoining core plug with porosity = 7.6% and permeability = 0.021 md. The  
dark discontinuous irregular lines visible in the upper image are claystone laminations.
5.0 mm
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Figure 5.29. Photomicrographs of Hay Reservoir #57 - 10254 ft thin section provided by 
M. Longman. See Figure 5.31 for photomicrograph location within the thin section. The 
upper photo was taken with plane polarized light; the lower photo was taken with crossed 
polarizers and a gypsum filter. The dark irregular lines are microstylolites that  are 
commonly observed in thin sections from the SScl lithofacies. Note the lack of blue 
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stage with crossed polarizing lenses. Dual carbonate staining on some thin sections 
allowed identification of the poikilotopic carbonate cement as ferroan calcite. Isolated 
masses of poikilotopic carbonate cement are also observed in the SSgs lithofacies 
(Appendix C).  
Comparison of the photomicrographs shown in Figures 5.22, 5.24, 5.26, 5.29 and 
5.30 indicates a difference in grain contact indices. Grain contacts are frequently long or 
sutured in all the photomicrographs except for those shown in Figure 5.30. There are 
some detrital grains in the crossed polarizers photomicrograph of Figure 5.30 that appear 
to be suspended in the poikilotopic ferroan calcite cement. Two other SScc lithofacies 
thin sections also exhibited relatively low grain contact indices (Table 5.3). Long- and 
sutured-grain contacts are generally observed in thin sections from the SScc and the other 
lithofacies.   
The convolute-bedded sandstone or SScv lithofacies and the bioturbated 
sandstone or SSbt lithofacies are relatively rare. The combined thickness of these 2 
lithofacies accounts for only about 3 percent of the Hay Reservoir “F” sandstone cored 
interval. There is 1 thin section available for the SScv lithofacies (HRU #57 – 10,229, 
Table 5.3). Photomicrographs of this thin section are located in Appendix B. There are no 
thin sections available for the SSbt lithofacies.  
 
 
5.4.3.3. Thin Section Porosity Analysis Results for Samples Near Fractures 
 
Digital image analyses were performed on thin sections obtained near 2 vertical 
natural fractures in the HRU #53 core (Figures 5.31 to 5.34).  The first 2 figures contain 
images of thin sections that are oriented parallel to bedding. The orientation of these thin 
sections allows examination of the area near the fracture for vertically oriented subsidiary 
fractures or microfractures. Figures 5.33 and 5.34 contain images of thin sections that are 
Figure 5.31. Digital image analysis of 4800 dpi scan of Hay Reservoir #53 - 10,084 thin 
section provided by T. De Keyser. Thin section is parallel to bedding with fracture 
surface on left. Lower image is blue epoxy-filled pores selected with software. Porosity 
determined in each rectangular area indicated by numbers above grid.  







Figure 5.32. Digital image analysis of 4800 dpi scan of Hay Reservoir #53 - 10,084 thin 
section provided by T. De Keyser. Thin section is parallel to bedding with fracture 
surface on left. Lower image is red epoxy-filled pores selected with software. Porosity 
determined in each rectangular area indicated by numbers above grid.  







Figure 5.33. Digital image analysis of 4800 dpi scan of Hay Reservoir #53 - 10,084 thin 
section provided by T. De Keyser. Thin section is perpendicular to bedding with up 
towards top of page and fracture surface on left. Lower image is red epoxy-filled pores 
selected with software. Porosity determined in each rectangular area indicated by 
numbers above grid.  
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oriented perpendicular to bedding. Photographs of the natural fractures and the thin 
section sample locations are included with the HRU #53 core description (Appendix B). 
The thin sections shown in Figures 5.31 and 5.32 are cut from the same sample 
less than 0.25 in (5 mm) apart, but they are impregnated with different types of epoxy. 
Conventional blue-dyed epoxy is used for the thin section in Figure 5.31. Rhodamine red-
dyed epoxy is used to impregnate the thin section in Figure 5.32 because it is believed to 
aid in the detection of microfractures. Rhodamine-dyed epoxy is also used for the thin 
sections in Figure 5.36 and 5.37. No microfractures are evident in any of the thin 
sections. The red epoxy appears to have done a more effective job impregnating the 
samples based on the higher porosity values shown in Figure 5.32 compared to Figure 
5.31. This assumes that porosity was consistent between the 2 samples and that there was 
no difference in the amount of grain plucking. The red epoxy impregnated thin sections 
do appear to be more susceptible to plucking as evidenced in Figure 5.34. 
The images that only contain the red or blue epoxy-filled pores in each figure are 
subdivided into ten rectangular areas to determine how porosity varies with distance from 
the fracture surface. The porosity is determined in each rectangle using the identical 
Photoshop® software parameters to ensure consistent results. The digital image analysis 
data and the digital images are contained in Appendix C.  
The blue-dyed epoxy sample shown in Figure 5.31 has uniformly low porosities 
that do not vary systematically. The digital image analyses for the red-dyed epoxy thin 
sections in Figures 5.32 to 5.34 indicate porosities increase toward the edges of the thin 
section, both toward and away from the fracture surface.  The digital image porosity 
analyses of the 2 thin sections oriented perpendicular to bedding (Figures 5.33 and 5.34) 
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5.4.3.4. Comparison Between Hay Reservoir and Desert Springs Porosity 
 
 The results from the point count porosity analyses conducted by J. Shannon and 
M. Wilson on thin sections from Hay Reservoir and Desert Springs fields are summarized 
in Table 5.4. The Hay Reservoir thin sections are all from the “F” sandstone interval, and 
lithofacies for these samples are indicated in Table 5.3. The Desert Springs thin sections 
are primarily from the main pay of the field, known as the “E” sandstone (Sadikhov, 
2005). The DS #16 – 5,693 sample is from a sandstone interval stratigraphically above 
the “E” sandstone. The lithofacies are not determined for the Desert Springs samples, but 
the DS #19 – 5,927 sample contained  24 percent ferroan calcite cement and is considered 
equivalent to the Hay Reservoir “F” sandstone SScc lithofacies. Note that the total thin 
section porosities and particularly the intergranular porosities are higher for the Desert 
Springs thin sections. Photomicrographs of the DS #19 – 5,914 thin section, the highest 
porosity sample available from the “E” sandstone, are shown in Figure 5.35.  
 
 
5.4.4. Petrography Discussion 
 
 The study undertaken here with the assistance of 3 experienced petrographers 
demonstrates the challenge to developing descriptions of low-permeability reservoirs 
such as the Hay Reservoir “F” sandstone.  Application of uniform point counting 
procedures is important to achieving consistent results. Proper thin section preparation is 
a crucial first step to petrographic studies because subtle problems may escape detection 



















































































































































































































































































































































































































































Figure 5.35. Photomicrographs of Desert Springs #19 5,914 thin section provided by        
J. Shannon. Both photos taken with plane polarized light. Nearest core plug porosity = 
19.3% ; permeability = 42.0 md. This is the highest permeability sample available from 
the main Desert Springs pay zone. J. Shannon point count analysis porosity = 14.0%. The 
red rectangle indicates the area shown in lower photo. The yellow-stained grains are 
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5.5. Hay Reservoir Field “F” Sandstone Petrophysical Analyses 
 
 Petrophysical analyses of log and core data provide an assessment of the reservoir 
characteristics of the “F” sandstone lithofacies. Core-calibrated porosities are used to 
determine water saturations and hydrocarbon pore volumes. GeoPlus Petra® software is 
used to perform volumetric analysis of original gas-in-place. 
 
 
5.5.1. Core Porosity and Permeability Analyses of Lithofacies 
 
Core plug porosity and permeability data were obtained for all ten cores. The lab 
equipment used to determine core plug porosity and permeability changed during the 
time period (1977 to 1995) when the cores were obtained and analyzed. Different 
techniques were also used to determine permeabilities, including the application of 
various amounts of confining pressures during measurements. Therefore, the core data 
from the different vintage analyses are not truly comparable, but the data set is the most 
complete available for any Lewis Shale sandstone.   
Uncorrected air permeabilities are used to generate a porosity versus permeability 
cross plot (Figure 5.36). Only air permeabilities are used because Klinkenberg-corrected 
values are not available for all cores. The color dots are used to differentiate the data 
from each well, which are arranged from shallowest to deepest in the Figure 5.36 legend.  
There is about 1,700 ft (520 m) of elevation difference between the updip and downdip 
wells and the core analyses suggest the shallower wells have higher porosity and 
permeabilities.  
The cluster of permeabilities around 0.009 md (millidarcies) on Figure 5.36 is an 
artifact of the method used to enter the data. Core analyses for several wells indicated 
permeabilities were less than the lab was capable of measuring. These samples were 
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order to allow plotting the samples with permeabilities < 0.01 md on the graph, it was 
necessary to assign them a value, which was arbitrarily set at 0.009 md.  
Distribution of some data points on the Figure 5.36 cross plot suggests that there 
are problems with the core analyses from 2 wells. The HRU #41 analysis (pink dots) is 
suspect because of the manner that the data cluster around 0.1 md permeability. 
Inspection of the HRU #41 core where the 10,024.8 plug sample was obtained indicated 
the presence of carbonate cement which should have significantly reduced the porosity 
and permeability. The lab reported lower than average porosity (6.5 %) for the 10,024.8 
plug, but permeability for this sample was 0.12 md, much higher than average. 
Permeabilities for carbonate-cemented intervals in other cores are typically less than 0.01 
md, indicating that there was a problem with this plug analysis. It was decided not to 
utilize any of the HRU #41 core data because of the questions about the 10,024.8 plug 
analysis and the clustering of other analysis around 0.1 md. 
The core analysis for the HRU #52 data (light green dots) is also suspect because 
of the clustering of data along different permeability lines. The data from this well were 
also eliminated from further analysis 
The porosity versus permeability cross plot displayed in Figure 5.37 has been 
edited to eliminate the data from the HRU #41 and HRU #52 cores because of the 
problems noted above. The Bush Lake #5 core data was also eliminated from the plot 
because it is from a different sandstone unit. Additional editing was performed to remove 
anomalous individual core plug analyses.  For example, the 5 highest permeability  
samples from the HRU #57 (green dots) shown on Figure 5.36 are eliminated because 
these plugs contained claystone laminations or fractures which effected the permeability 
analyses. 
The lithofacies for all core plugs was determined while performing the core 
descriptions. In cases where the core plug location could not be determined from 
examination of the core display or butt slab set, the plug could still be assigned to a 
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analyses representing 3 lithofacies are indicated on Figure 5.37. The highest porosity and 
permeability values in every core occurred in rocks of the SSgs lithofacies. Lowest 
porosity and permeability values are primarily in rocks of the SScl and SScc lithofacies. 
There are only a few core analyses from the SScv lithofacies and they are not 
differentiated on Figure 5.37. There are no core analyses available from the SSbt 
lithofacies, but it is most likely that this lithofacies has poor porosity and permeability 
because of relatively high claystone content. 
 
 
5.5.2. Core Porosity Compared to Depth 
 
 SSgs lithofacies core porosities are plotted compared to depth in Figure 5.38 to 
determine the relationship between the 2 variables. The correlation coefficient between 
all the porosity data points and depth is relatively poor (r2 = 0.2618). The correlation 
between the arithmetic averages determined for the porosities of each core and depth is 
excellent (r2 = 0.9037). The best fit lines (Figure 5.38) are determined with linear 
equations. Exponential and power-law equations were also used to determine best fit 
lines, but resulted in less than 0.2 percent improvement in the correlation coefficient. The 
linear equation is used because it provides for simpler calculations. The accuracy of the 
linear equation should be very good for predicting porosities from depths of other “F” 
sandstone wells because the core porosity data is from the same sandstone unit and 
probably the same lithofacies (Bloch, 1994). 
Comparisons between porosity and depth often exhibit high degrees of correlation 
because the cumulative effects of pressure, temperature and time are all strongly related 
to depth of burial (Bloch, 1994). Efforts to model porosity changes by considering the 
pressure, temperature and time effects separately are significantly more complicated and 
do not improve the accuracy over considering depth as a single factor (Bloch, 1994).  
 
 r2 = 0.9037





















Figure 5.38. Hay Reservoir "F" sandstone core porosity versus depth for generally 
structureless sandstone (SSgs) lithofacies. Best fit lines determined using linear 
equations. Red line, equation and r2 calculated using all data points. Green line, 
equation and r2 calculated using only arithmetic average porosities indicated by the 
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Porosity = -0.0031 depth + 40.832 Porosity = -0.0033 depth + 42.195
r2  = 0.2618
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5.5.3. Permeability Stress Sensitivity 
 
 The sensitivity of low-permeability reservoirs to confining stress has been 
described in numerous publications (e.g., Shanley et al., 2004; Byrnes, 1997; Jones and 
Owens, 1979). Shanley et al. (2004) state that in-situ permeabilities of low-permeability 
gas reservoirs may range from 10 to 10,000 times less than routine laboratory 
measurements. Shanley et al. (2004) and Byrnes (1997) also pointed out that lower- 
permeability rocks lose a proportionally greater amount of permeability when subjected 
to increasing confining pressures than rocks with higher permeabilities. 
 The Hay Reservoir “F” sandstone air permeability data that are compared to 
porosity in Figures 5.36 and 5.37 are routine laboratory measurements determined with 
confining stresses less than 800 pounds per square inch (psi).  Special core analyses were 
performed by OMNI Laboratories, Inc. on 3 core plugs to determine the sensitivity of the 
“F” sandstone to increased confining stress.  The 3 plugs selected for analysis are all from 
the HRU #57 core because it is the only set of core plugs available. The plugs are from 
the SSgs, SScv and SScl lithofacies and their location in the HRU #57 core is indicated 
on Figure 5.15. Petrographic analyses of the SSgs (HRU #57 – 10,236) and SScl (HRU 
#57 – 10,254) samples are described in Section 5.4. 
Figure 5.39 shows results from the “F” sandstone special core analysis compared 
to 2 other low-permeability gas reservoirs (Jones and Owens, 1979, their Figure 1). HRU 
#57 net mean stress values at initial and 500 psi abandonment pressure were provided by 
T. Olson (2004, pers. comm.).The permeability of each sample is determined at multiple 
net confining pressures ranging from 1,000 to a maximum of 6,000 pounds per square 
inch gauge (psig). Permeability measurements were not performed at the maximum net 
confining pressures for some samples. Permeabilities at the initial 1,000 psig net 
confining pressure are the “k(1000 psig)” values indicated on Figure 5.39. At 2,000 psig net 
confining pressure, permeabilities of all of the samples are reduced by varying amounts 
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permeability ratio is 0.75 at 2,000 psig confining pressure. This means that the SSgs 
sample permeability at 2,000 psig confining pressure is the product of 0.75 and the 
permeability at 1,000 psig confining pressure, 0.75 x 0.050 md or 0.0375 md. The 
permeability for the SSgs sample at 5,000 psig confining pressure is 0.50 x 0.050 md or 
0.025 md. Routine core analysis of the SSgs sample indicated the permeability is 0.88 md 
(not shown on Figure 5.39). The SSgs permeability was reduced to about 26 percent the 
conventional analysis value when subjected to 5,000 psig confining stress. This is 
significantly less than the minimum 10 times reduction in routine permeability 
measurements to in-situ conditions proposed by Shanley et al. (2004).  
Another interesting result of the special core analysis is evident by comparing the 
“F” sandstone data to the Jones and Owens (1979) Frontier Formation sandstone data 
indicated in medium blue on Figure 5.39. The OMNI Laboratories and Jones and Owens 
(1979) core analyses were performed using similar methodologies. The “F” sandstone 
plug analyses by OMNI Laboratories were conducted with a Hassler-loading, unsteady-
state method and corrected for gas slippage.  The Jones and Owens (1979) analyses were 
conducted using multiple flow pressures at the highest confining pressure and 2 flow 
pressures at lower confining pressures and corrected for gas slippage. Comparison of the 
SScl lithofacies and the Frontier Formation sandstone plug analysis at 4,000 psig 
confining pressure indicates the Frontier has retained less permeability. Note that the 
Frontier sample had 6 times more permeability than the SScl sample at 1,000 psig 
confining pressure.  The poor permeability retention of the Frontier sample compared to 
the Hay Reservoir “F” sandstone SScl sample is contrary to the observation that lower 
permeability rocks lose a greater amount of permeability when subjected to increasing 
confining pressures (Shanley et al., 2004; Byrnes, 1997).   
Sigal (2002) noted that variation of permeability as a function of net confining 
pressure differs depending on pore-throat geometries. Wilson (1994) considered the 
framework mineralogy to be one of the most important factors influencing permeability. 
The difference in response to overburden stress by the “F” sandstone compared to the 
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Frontier Formation sandstone (Figure 5.39) may be attributable to differences in both 
pore-throat geometries and mineralogy. 
 
 
5.5.4. Water Saturation Analysis 
 
 Hay Reservoir “F” sandstone water saturation was calculated using the Archie 
equation: 
 
                                                                                                                                        (5.2) 
 
Where: 
Sw = water saturation 
Rw = resistivity of formation water at formation temperature 
Rt = true formation resistivity 
    = porosity 
a = tortuosity factor 
m = cementation exponent  
n = saturation exponent 
              
 The measured Rw value for Hay Reservoir is 0.25 ohm-meters at 68oF (20oC) 
(Grilley, 1979). Van Horn and Shannon (1989) reported an approximate average 
formation temperature of 205oF (96oC). The Rw corrected to this formation temperature 
is 0.07 ohm-meters, the same value that Van Horn and Shannon (1989) used for their 
Archie equation calculations. All calculations performed in this study use 0.07 ohm-
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5.5.4.1. Previous Water Saturation Analyses 
 
Brown et al. (1981) initially determined values for the cementation and saturation 
exponents from the conventional core analysis method where water is progressively 
displaced from a core sample and different liquid saturation levels are correlated to 
resistivity measurements. The values determined from the core analysis were m = 1.79 
and n = 1.40. Brown et al. (1981) recognized that the conventional core analysis method 
for determining cementation and saturation exponents was inappropriate because of the 
high amount of microporosity contained in the “F” sandstone. They assumed that 
microporosity comprised 40 to 50 percent of the total porosity and that microporosity has 
a constant static water saturation of 75 percent. These assumptions allowed Brown et al. 
(1981) to determine the values of m = 2.30 and n = 2.21 for the remaining porosity. 
Van Horn and Shannon (1989) did not agree with the volume or static water 
saturation of microporosity reported by Brown et al. (1981). Van Horn and Shannon 
(1989) assigned a value of 2 to both the cementation and saturation exponents and used a 
Pickett Plot to verify the values they used for m, n, and Rw.  
 
 
5.5.4.2. Water Saturation Analysis Results 
 
Pickett Plot analyses performed using the GeoPlus Petra® log cross plot module 
allowed evaluation of the different values that have been published for cementation and 
saturation exponents. The initial values determined by Brown et al. (1981) are used to 
generate the Pickett Plot shown in Figure 5.40. Their revised values are shown in the 
Figure 5.41 Pickett Plot. The small and large color dots on both Pickett Plots indicate 2 
different approaches used to determine average porosity and resistivity. The small dots 
are log values from a 4-ft (1.2 m) SSgs lithofacies interval selected from each cored well 
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intervals selected for each cored well are indicated on the core descriptions (Appendix 
B). The large dots are estimated average log values for the entire “F” sandstone interval 
determined from visual inspections of the logs. The average log values are also indicated 
on the core descriptions (Appendix B).  
The cementation and saturation exponent values proposed by Van Horn and 
Shannon (1989) are used to generate the Figure 5.42 Pickett Plot. The method used to 
determine the values for the different size color dots in Figure 5.42 is the same as used 
for Figures 5.40 and 5.41.  
The log data from the selected 4-ft (1.2 m) SSgs lithofacies intervals indicated on 
Figures 5.40 to 5.42 with the small color dots is significantly more scattered and have 
higher porosities than the “F” sandstone interval average values indicated by the large 
color dots. The selected SSgs interval small dots have higher porosity values because 
they are derived from density porosities that are not corrected for gas effects. Porosity 
was recalculated to reduce the gas effect using the root-mean-square-cross-plot porosity 
equation (PXRMS) suggested by R. H. Merkel (2006, pers. comm.). The PXRMS 
equation and recalculated porosities are shown in Figure 5.43. Distribution of the selected  
SSgs interval small color dots on Figure 5.43 indicate that the PXRMS porosities reduce 
both scatter and density-porosity gas effects.  
There is still a moderate amount of scatter for the selected SSgs interval data on 
Figure 5.43 that is probably attributable to density porosity log calibration problems. No 
effort was undertaken to environmentally correct the density data or to normalize the 
curves. Core porosity data are used to determine the average porosity values for the 
Figure 5.44 Pickett Plot instead of using log porosity data. The arithmetic averages of the 
core plug porosity analyses are used for 7 of the cored wells.  The average porosities for 
the 2 cores that had questionable porosity analyses and all of the non-cored wells are 
calculated using the equation determined from the core porosity compared to depth 
relationship indicated in Figure 5.38. The depths used to calculate the porosities for each 
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between the top and base of the “F” sandstone and adding this value to the depth of the 
top. The average porosity, resistivity and Archie equation water saturation values from 
the Figure 5.44 Pickett Plot are tabulated in Appendix D. 
 Minor adjustments have been applied to the average resistivity values of some 
wells shown in the Figure 5.44 Pickett Plot compared to the Figure 5.40 to 5.43 Pickett 
Plots. The average resistivity value adjustments were applied in order to smooth the water 
saturation map shown in Figure 5.45. The adjusted average resistivity values are 
reasonable when compared to the resistivity values determined earlier from visual 
inspections of the logs. 
 
 
5.5.4.3. Water Saturation Analysis Discussion 
 
Comparison of the Pickett Plots in Figures 5.40 to 5.42 provides an evaluation of 
the cementation and saturation exponents that have been proposed. The water saturations 
determined using the Brown et al. (1981) cementation and saturation exponents from 
conventional core analysis (Figure 5.40) appear to be unrealistically low. The revised 
cementation and saturation exponents from Brown et al. (1981) used to generate the 
Picket Plot in Figure 5.41 results in water saturations that are probably too high. This is 
most evident by inspecting the wells with the highest water saturations. For example, the 
water saturation determined for the HRU #59 well (large gray dot) is about 75 percent on 
the Brown et al. (1981) Pickett Plot (Figure 5.41). In contrast, the Van Horn and Shannon 
(1989) Pickett Plot (Figure 5.42) indicates the water saturation for the HRU #59 well is 
about 49 percent. The 49 percent water saturation value for the HRU #59 well is more 
reasonable considering the historical performance of the well. The HRU #59 well has 
produced an average of about 3.6 barrels of water per million cubic feet of gas calculated 
from total production through April, 2004. This average is similar to most wells in Hay 
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5.5.5. Hydrocarbon Pore Volume Analysis 
 
 Hay Reservoir “F” sandstone hydrocarbon pore volumes are calculated from the 
equation: 
 
   HPV = h * Ø * (1-Sw)         (5.3) 
 
Where:  
HPV = hydrocarbon pore volume 
h = net thickness (from net thickness map, Figure 5.4) 
Ø = average porosity (determined from core analyses and the core-depth relationship 
       shown in Figure 5.38) 
Sw = average water saturation determined from Pickett Plot Archie equation analyses 
      (Figures 5.44 and 5.45) 
 
 Hydrocarbon pore volume calculations are included in Appendix D. The 
hydrocarbon pore volume values are contoured on the map shown in Figure 5.46. 
Contouring was initially performed using GeoPlus Petra® software. Limited manual 
editing was applied to the Petra®–contoured map to smooth areas where the software had 
difficulty due to limited control. 
 
 
5.5.6. Original Gas-In-Place Analysis 
 
 Original gas-in-place is determined using the GeoPlus Petra® software volumetric 
calculation module and the hydrocarbon pore volume map (Figure 5.46). The volumetric 
calculation required values for the initial reservoir pressure and average temperature. The 
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 (1979). The average reservoir temperature reported by Van Horn and Shannon (1989) is 
205o F (96oC).  
The volumetric calculation also requires a value for the gas deviation factor or 
“z.” The gas deviation factor is determined from gas composition using the method 
described by Craft and Hawkins (1991), and the calculations are included in Appendix D. 
The gas deviation factor value determined from the gas composition analysis is 1.1. The 
original gas-in-place determined using the Petra® volumetric calculation module is 221 
BCFG. Additional volumetric analysis determined original gas-in-place is reduced by 1 
BCFG for every 3oF increase in average reservoir temperature, holding all other 
parameters as constant values. The volumes Petra® determined for each half-foot 
hydrocarbon pore volume “slice” are included in Appendix D. 
 
 
5.6. Hay Reservoir “F” Sandstone Production Analysis 
 
 Pasternack (2004) estimated ultimate recoveries for Hay Reservoir “F” sandstone 
wells by using exponential decline curve analysis with an assumed economic limit of 100 
MCFD. The combined estimated ultimate recovery for all “F” sandstone wells 
determined by this analysis was 144 BCFG. This estimate excluded condensate 
production because the monthly production records for condensate are often very erratic, 
making it difficult to evaluate with decline curve analysis. Hay Reservoir is a wet gas 
field and the largest condensate producer of any Lewis Shale field with cumulative 
production of 1.6 MMBC through April 2004.  
 This study combined the condensate and gas production because 1.6 MMBC is 
too large a volume to neglect in the Hay Reservoir field estimate of ultimate recoveries. 
Monthly condensate production volumes are converted to equivalent gas volumes by 
using a constant conversion factor.  This conversion factor is 1 barrel of condensate 
equals 5,658.53 cubic ft of gas (Society of Petroleum Engineers website). This 
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conversion assumes the compositions of gas and condensate and that the gas-condensate 
ratio remained constant over the production history of the field. There are errors inherent 
to this assumption because production data indicate the gas-condensate ratio has 
increased as reservoir pressure declined. Ideally, gas and condensate fluid analysis (PVT) 
data could be used to refine this conversion, but PVT data are not available. Figure 5.47 
is a graph that illustrates the gas, condensate, calculated gas-equivalent volumes and 
water monthly production data for the HRU #11 well, the top-producing well at Hay 
Reservoir field.  
Gas-equivalent monthly production volumes were calculated by adding the 
condensate production equivalent gas volumes and the gas production volumes.  Decline 
curve analysis performed on the gas-equivalent volumes for this study used parameters 
identical to Pasternack (2004) for the gas-only volumes. The combined estimated 
ultimate recovery determined for the gas-equivalent volumes is 160 BCFG, or 16 BCFG 
more than the gas volumes alone. Summaries of production data and the estimated 
ultimate recoveries for the “F” sandstone wells are included in Appendix D. 
The gas-equivalent estimated ultimate recoveries are displayed on the net “F” 
sandstone isopach using different color dots (Figure 5.48). Note the poor correlation 
between estimated ultimate recovery values and net sandstone thickness. There are 
several possible explanations for the poor correlation. Some of the variations in ultimate 
recoveries may be attributable to differences in well completion dates and practices. 
Development drilling in Hay Reservoir occurred during 2 different time periods. Wells 
completed during the initial development phase from 1977 until 1983 are indicated with 
black circles (Figure 5.48). The relatively poor performance of some wells completed 
after 1990 may be due to reservoir depletion effects. The early wells were often 
completed with stimulation fluids that contained gelled condensate or the additive “My-  
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dates and practices do not explain the relatively poor performance of all wells located in 
the southeastern portion of the “F” sandstone compared to wells towards the west. 
Water production expressed as the ratio of cumulative barrels of water per million 
cubic feet (MMCF) of gas production is displayed on the net “F” sandstone isopach map 
(Figure 5.49). The ratio of water-to-gas production is used to illustrate variations in water 
production rather than water production volumes alone because some wells that have 
produced large volumes of water have also produced large amounts of gas. Note that the 
wells with the highest water-to-gas ratios were completed after 1990 and are located in 
the southeastern portion of the “F” sandstone.  
 
 
5.7. Hay Reservoir “F” Sandstone Petroleum Charging and Paleostructure 
 
Burial history studies by Roberts et al. (2004, 2005) of the Eagles Nest well 
indicate the beginning of gas generation started 63 Ma (million years ago) for the 
Mesaverde Group and 62 Ma for the Lewis Shale. The Eagles Nest well is located about 
30 mi (48 km) northeast of Hay Reservoir field in the deep part of the Great Divide basin 
(Figure 5.50). 
Timing of Mesaverde group and Lewis Shale gas generation onset corresponds to 
biostratigraphic age-dates established for several Lower Paleocene Fort Union Formation 
coal-bearing intervals or zones. Individual coal beds may not be laterally continuous, but 
the coal zones provide the most laterally persistent correlation units within the non-
marine Fort Union Formation.  The lower Fort Union Deadman coal zone is age dated 
from non-marine flora and fauna collected on the northeast flank of the Rock Springs 
uplift. A palynostratigraphic P3 zone age-determination for the Deadman coal zone by 
Nichols (1999) corresponds approximately to 61.0 to 64.5 Ma (D. J. Nichols, 2005, 
pers.comm.). The North American land mammal Torrejonian age for the lower 300 ft  









































































































































































































































































































































































































































































































































































































































































Figure 5.50. Weimer Marker Bentonite structure map showing location of Upper Cretaceous-
Lower Tertiary stratigraphic cross sections. Cross sections constructed for this study are Plates I 
to III. Published cross sections are: MI-1964 = Honey and Hettinger (1989); MI-2151 = Hettinger 
et al. (1991); MI-2152 = Hettinger and Kirschbaum (1991); MI-2878 = Hettinger and Honey 
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determined by Winterfeld (1982). The Separation Creek, Muddy Creek and Fillmore 
Ranch coal zones are also Torrejonian age (J. Honey, 2006, pers. comm.). The absolute 
age of the Torrejonian is 61.0 to 64.0 Ma (Lofgren et al., 2004). 
The Rock Springs uplift Deadman coal zone outcrops are correlated into the 
subsurface by Hettinger and Kirschbaum (1991). Hettinger and Kirschbaum (1991) also 
correlated the Separation Creek, Muddy Creek and Fillmore Ranch coal zones. 
Additional Upper Cretaceous and Lower Tertiary correlations are provided in Honey and 
Hettinger (1989), Hettinger et al. (1991) and Hettinger and Honey (2005).   
A grid of regional stratigraphic cross sections (Figure 5.50, Plates I to III) was 
constructed as part of this study to tie the published Upper Cretaceous and Lower 
Tertiary correlations into the Hay Reservoir area. These correlations identified a 25- to 
30-ft (7- to 9- m) thick coal continuously developed across the Hay Reservoir area that is 
approximately equivalent to the upper part of the Deadman coal zone. The 25- to 30-ft (7- 
to 9- m) thick coal has been informally named the “Big Red” by industry geologists 
working in the area (G. Anderson, 2006, pers. comm.).  
The isopach interval between the top of the “Big Red” coal and the top of the Hay 
Reservoir “F” sandstone is shown on a map (Figure 5.51). The isopach map indicates the 
approximate paleostructural attitude of the sandstone at the start of gas generation. This 
assumes that there was limited relief developed on the upper part of the “Big Red” coal 
which is probably reasonable, considering depositional conditions at the time of its burial. 
The isopach map suggests that structural relief was about 550 ft (168 m) on the “F” 
sandstone at the end of “Big Red” coal deposition, not accounting for compaction effects. 
The paleostructural structure strike is approximately north 10 degrees west in contrast to 
the present day strike of north 50 degrees west (Figure 5.4). Note that the paleostructure 
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5.8. Hay Reservoir Area Fractured Shale Production 
 
 Figure 5.52 shows the intervals that are completed in the HRU #17 well. The 
interval from 9,673 to 9,679 ft was perforated on the basis of a sustained gas show noted 
by the mud logger while the well was being drilled. There are no sandstones present in 
this interval evident on the gamma-ray log, but the deep induction log indicates high 
resistivity. The high resistivity may be the result of cementation or some lithologic 
change that the gamma-ray log did not detect. This interval is the only possible fractured 





 An explanation for the contradictory results presented by the studies of Brown et 
al. (1980) and Van Horn and Shannon (1989) is provided. This study benefited from the 
availability of significantly more data than earlier studies as well as geological software 
that facilitated the evaluation. 
 
 
5.9.1. Hay Reservoir Net “F” Sandstone Isopach 
 
There is a noteworthy difference between the net “F” sandstone isopach 
interpretation shown in Figure 5.4 compared to the interpretation of Van Horn and 
Shannon (1989) shown in Figure 5.1. The difference in interpretations is probably 
attributable to additional well control available since Van Horn and Shannon (1989) 
performed their study and differences in how the sandstone interval was correlated. “F” 
sandstone correlations may be ambiguous, particularly where well control is widely 
spaced and multiple sandstone intervals are present.  
ENCANA OIL AND GAS
HAY RESERVOIR UNIT #17


















Base Great Divide field sandstone interval
 Figure 5.52. Geophysical logs through Hay Reservoir #17 completed intervals. 
Perforated zones indicated by blue rectangles on left side of depth track. 
Perforated interval from 9,673 to 9,679
apparently completed on basis of sustained
3000+ unit mudlog gas show despite lack of 
sandstone development indicated on gamma- 
ray log. Production is interpreted to be from 
fractured shale or silty shale. 
Cumulative production through April, 2004 
for all three perforated intervals (data from 
Wyoming Oil and Gas Conservation 
Commission website):
	 Gas: 776 MMCFG
	 Condensate (52o gravity): 19,235 Bbls
	 Water: 1,477 Bbls
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A virtual network of stratigraphic cross sections constructed with Petra® software 
was used to evaluate the “F” sandstone correlations during this study. Several marine 
flooding zones located above and below the “F” sandstone interval were used as datums 
to verify the correlations. “F” sandstone tops data are listed in Appendix A.   
 
 
5.9.2. Depositional Model 
 
Complete Bouma Ta through Te sequences were not identified in any of the Hay 
Reservoir area cores of this study and are rare elsewhere in Lewis Shale sandstones 
(Minton, 2002). This may be because the idealized Bouma sequence is an unusual  
case (steadily diminishing flow) that is not applicable to all turbidite deposition (Leeder, 
1999). The rarity of complete Bouma sequences in the Lewis Shale sandstones is 
probably an indication of unsteady (both increasing and diminishing) turbidity current 
flow. On the other hand, multiple stacked or amalgamated generally structureless 
sandstone units suggest that the feeder systems providing sediment to these turbidites 
persisted for an extended time period. The feeder system could have been a river or a 
submarine canyon. The association of the “F” sandstone with 7 other sandstone units 
identified by Van Horn and Shannon (1989) within the Hay Reservoir area is another 
indication of the persistence of the Lewis Shale turbidite feeder systems.  
The lack of wave ripples or hummocky cross stratification in any of the cored “F” 
sandstone intervals indicates deposition was below storm base.  This is in agreement with 
the interpretation of Winn et al. (1987) that storm base was at a water depth of about 325 
to 500 ft (100 to 150 m). The apparent lack of lateral continuity of “F” sandstone 
lithofacies (Figures 5.16 and 5.17) is consistent with observations of continuously 
exposed outcrops of other deep-water sandstone units (D. Anderson, 2005, pers. comm.).  
The marine shale interval interpreted as a laterally persistent unit during “F” 
sandstone deposition is indicated by the dashed green line on Figure 5.16 and 5.17, and is 
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probably the result of a hiatus or other major change in the depositional system. The 
bioturbated sandstones associated with this interval also provide evidence that conditions 
changed during deposition of this unit. Burrows identified during the core study are not 
considered diagnostic of paleo-water depths. This is because the 2 burrows that are most 
common in the Hay Reservoir cores, Terebellina and Helminthopsis, were also fairly 
common in shallow-marine lower-shoreface sandstones described on the east flank of the 
Rock Springs uplift by Roehler (1993). 
A method to evaluate the validity of the hiatus correlations would be to construct 
2 net sandstone isopachs for the intervals above and below the horizon. This was not 
attempted during this study, but it is recommended for future work. The 7 other sandstone 
units identified by Van Horn and Shannon (1989) associated with the “F” sandstone in 
the Hay Reservoir area should also be remapped as part of future work.  
 
 
5.9.3. Framework Grain and Provenance Interpretation 
 
The different framework grain point count results for the DS #16 - 5,694 thin 
section by J. Shannon and M. Wilson (Figure 5.22) are probably attributable to a thin 
section sample preparation problem. The potassium feldspar staining was weak to 
nonexistent over much of this thin section, so only 25 percent or less of the sample area 
was point counted. The poor comparability of the point counting results for this thin 
section demonstrates the necessity to cover most of the thin section area with the point- 
counting grid to obtain statistically consistent results. The other samples point counted by 
J. Shannon did not have a problem with staining so the entire thin section areas were 
point counted.  
The feldspar content determined by J. Shannon and M. Wilson for the Hay 
Reservoir and Desert Springs sandstones is similar to that determined for the Mesaverde 
sandstones (Pryor, 1961) and the Fox Hills Sandstone (Hickling, 1991) (Figures 5.23 and 
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5.24). This suggests that Thomas et al. (1980) overestimated the amount of feldspar in 
their Hay Reservoir sandstone point counting.  
The western source area for the Hay Reservoir “F,” Mesaverde and Fox Hills 
sandstones proposed by Van Horn and Shannon (1989), Pryor (1961) and Hickling 
(1991) is believed to be correct. The difference in potassium feldspar content between the 
Hay Reservoir “F” sandstone and the Desert Springs “E” sandstone is probably 




5.4.4.2. Diagenetic History Interpretation 
 
Petrographic observations made during this study generally corroborate the 
diagenetic stages interpreted by Thomas et al. (1980), but the sequence of some of the 
stages is a point of contention.  At least 2 phases of carbonate cementation were observed 
in this study.  One phase is interpreted to be early in the sandstone burial history due to 
the relatively low contact index between detrital grains and limited compaction of soft 
lithic grains (Figure 5.30). Early carbonate cement was identified in 3 thin sections 
(Table 5.3). The early carbonate cementation preceded at least part of the Thomas et al. 
(1980) diagenetic sequence step 3 noted in Section 5.4.1.2. 
The Thomas et al. (1980) diagenetic sequence also did not mention a few other 
items observed during this study. Dissolution of chert, volcanic and detrital carbonate 
grains occurs in addition to feldspar grain dissolution. Feldspar is rarely replaced by 
barite, a product of the alteration of barium, which had probably substituted for calcium 
in the potassium feldspar crystal structure. Barite also forms euhedral crystal coatings on 
the surfaces of some natural fractures. Most plagioclase feldspar grains exhibit a dusty 
appearance that is interpreted to indicate partial albitization (M. Wilson, 2004, pers. 
comm.). 
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J. Shannon noted that compaction has progressed to the point of microstylolite 
development in many samples (Figure 5.29 and Table 5.3). Significant amounts of 
pressure solution were interpreted along some microstylolites from observations of 
embayed quartz and feldspar grains, molded chert or lithic grains and the presence of 
insoluble residue concentrations. 
 
 
5.4.4.1 Porosity Interpretation 
 
The anomalously high amount of visible porosity reported by Brown et al. (1981) 
for the HRU #5 and #11 samples (Table 5.1) may be attributable to the unusual thin 
section preparation technique they used. Their study attempted to inject blue-dyed epoxy 
into large uncut samples. This probably resulted in poor impregnation because of the 
difficulty of injecting epoxy into low-permeability sandstone samples. Prior to mounting 
to glass slides, samples are typically trimmed and the surface to be attached to the slide is 
smoothed by careful grinding. The grinding process plucks grains from the sample 
surface if all the grains have not been effectively attached to the rest of the matrix during 
impregnation.  Grain plucking produces what appears to be oversized pores that are 
frequently misinterpreted as secondary porosity. This is the most plausible explanation 
for the Brown et al. (1981) study reporting more than twice the average visible porosity 
found by Van Horn and Shannon (1989) and by this study. 
Minor amounts of grain plucking may also be misinterpreted as secondary 
porosity, and probably contributed to the disagreement between porosity determinations 
performed by the 3 petrographers who assisted with this study. The author met with the 
petrographers individually in an effort to understand the nature of the differences between 
their porosity interpretations.  Each petrographer presented compelling explanations, 
which only contributed to the misunderstanding. In an attempt to resolve the differences, 
a meeting of all petrographers was convened to review 8 key thin sections with a 
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petrographic microscope. The meeting lasted about 3 hours but discussion only covered 
limited aspects of 2 thin sections.  
Much of the discussion concerned the discrimination between secondary porosity 
and grains that were inadvertently plucked during the thin section preparation process. A 
key outcome from the meeting was learning that different methods had been used during 
point counting. M. Wilson conducted his point count analyses using 400-power 
magnification. He refocused at each point that was counted along a thin section traverse 
to determine what is on the surface of the thin section at that location. If he encountered a 
blue epoxy-filled pore, he counted it as porosity only if the point was located in the 
middle of porosity. If the point occurs on the edge of a grain, even though blue epoxy is 
visible below or above the grain, it was counted as a grain. J. Shannon used 200-power 
magnification during his point count analyses and described each blue-filled area as a 
pore. Unfortunately, the significance of this difference in point counting procedures was 
not recognized until after the visual porosity estimates were concluded.  
The difference in the procedure used by M. Wilson and J. Shannon to point count 
porosity provides an explanation for the dissimilarity in their visual porosity estimates for 
the HRU #57 – 10,236 sample. Wilson estimated visual porosity at 1.6 percent while 
Shannon estimated it at 5.5 percent (Tables 5.3 and 5.4). The digital image analysis of 
this thin section (Figure 5.24) resulted in an estimate of 1.2 to 4.4 percent porosity. The 
higher porosity estimate from the digital image analysis probably includes grain edges 
where blue epoxy is visible below or above the grain.  
Visual and digital image analysis estimates of porosity for the 2 M. Longman 
HRU #57 – 10,236 thin section photomicrographs (Figures 5.22 and 5.23) are in good 
agreement and average around 9 percent. This porosity estimate is about twice the 
estimate determined for the entire thin section by point count and digital image analyses. 
The different porosity estimates for the photomicrograph areas compared to the entire 
thin section are probably the result of variable porosity development, as evident in Figure 
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5.24. It is apparent that caution must be used in characterizing sandstones with non-
uniform porosity distribution using visual estimation techniques. 
The porosity data compiled in Table 5.3 demonstrate that core plug porosities are 
consistently higher than porosities determined with optically based techniques. There are 
several possible explanations for this difference, including: 
1. Core plug measurements may be inaccurate due to problems with lab 
measurements or calibrations. 
2. Thin sections were not sampled from the core plugs and rapid porosity variations 
result in differences between core plug and thin section sample locations. 
3. Porosity determination using thin sections may be inaccurate. 
4. Core plug measurements include microporosity or ineffective porosity which is 
not evident in thin sections. 
Data available for the HRU #57 – 10,236 sample provides a means to evaluate 
these explanations. Precision Core performed the initial analysis for the 10,236 core plug 
and determined porosity to be 9.2 percent (Precision Core Job 9343, “Helium” method, 
10/11/93). The Precision Core plug porosity for the sample 1.1 ft (33.5 cm) above was 
9.1 percent and 1.1 ft (33.5 cm) below was 8.8 percent, indicating porosity was probably 
uniformly developed over this interval.  
The HRU #57 – 10,236 core plug underwent special core analysis to determine 
the sensitivity of permeability to changes in overburden stress (Section 5.5.3). The 
porosity was re-determined as part of this special core analysis by OMNI Labs (Job H-
30911, 7/20/04) and found to be 9.2 percent—identical to the porosity determined by 
Precision Core. The identical core plug porosity values obtained by the 2 facilities 
suggest that laboratories are capable of producing accurate, repeatable porosity analyses. 
The HRU #57 – 10,236 thin section sample is from the core butt set where the 
core plug sample location is evident. The thin section is oriented perpendicular to 
bedding with the bottom edge of the sample located within 0.1 in (2 mm) of the core plug 
sample wall. 
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The HRU #57 – 10,236 thin section point count analyses and digital image 
analyses of the entire thin section indicate a similar range in porosities. The range in the 
thin section porosity determinations is probably attributable to differences in point 
counting methods. Regardless of the point counting method, the core plug measured 
porosity is about 2 or more times the thin-section-determined porosity. 
 The difference in porosities determined by core plug analysis compared to 
optically based methods for the HRU #57 – 10,236 sample is interpreted to result from 
microporosity development. Microporosity may not be evident in thin sections because 
blue-dyed epoxy did not penetrate the micropores. The porosity data listed in Table 5.3 
indicate that thin section porosities are consistently less than the core plug measured 
porosities. This is also interpreted to result from microporosity development, although the 
3 alternate explanations noted above may additionally apply to any of the samples.  
Microporosity probably occurs in clay-filled or partially clay-filled pores, as 
suggested by Brown et al. (1981). M. Longman (2005, pers. comm.) also suggested that 
microporosity development is responsible for the difference between visible and core 
plug porosities for several photomicrographs he provided (Appendix C).  
Secondary porosity occurs in partially dissolved framework grains isolated in 
highly cemented samples of the SScc lithofacies (Figure 5.30). The samples from both 
the SScc and SScl lithofacies commonly have very low or no intergranular porosity, with 
limited secondary porosity (Tables 5.3 and 5.4). This secondary porosity is ineffective 
because it occurs as isolated pores. Note that core plug porosity measurements of the 
SScc and SScl lithofacies samples can be as high as 7.6 percent (Table 5.3), suggesting 
that large amounts of ineffective porosity may be present. 
A non-quantitative assessment of Hay Reservoir “F” sandstone porosity suggests 
that the Hay Reservoir top-ranked producing well, the HRU #11, appears to consist of 
lower proportions of microporosity compared to samples from poorer-performing wells 
(Table 5.3). The 11 HRU #11 samples were noted to contain microporosity greater than 
60 percent of total porosity only twice. Six of the 13 HRU #5 samples contained 
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microporosity greater than 60 percent of total porosity. Microporosity accounts for more 
than 60 percent of total porosity in the majority of all other samples. The proportion of 
microporosity development would be difficult to determine quantitatively because it 
requires analyses of many more systematically selected samples than considered during 
this study. It should be noted, however, that many of the samples examined from the 
HRU #50, #53, #57 and #59 wells were selected because they were among the highest 
porosity and permeability available from each core (Figure 5.18). 
Digital image analysis of the porosity associated with natural fractures in the 
HRU #53 – 10,084 and HRU #53 – 10,098 thin sections (Figure 5.31 to 5.34) indicate 
that porosity may increase closer to fractures. Grain plucking is noted in these thin 
sections and may be responsible for some or all of the porosity variations. Natural 
fractures observed in all Hay Reservoir field area cores often exhibit evidence of 
increased porosity where examined in the cores (Section 5.3.5.).   
The Hay Reservoir “F” sandstone may be considered a “closed” system for the 
most part because it is largely encased in shale. There are no nearby unconformities or 
other large conduits for fluid influx into the “F” sandstone and there are none evident at 
any time during the burial history of the sandstone. Therefore, natural fractures have 
probably provided the primary conduits for fluid flow through the “F” sandstone.  
Organic-rich shales deposited in proximity to the “F” sandstone are thermally 
mature and could have provided a local source for organic acids based on vitrinite 
reflectance analyses by M. Pawlewicz (2004, pers. comm.). Secondary porosity 
associated with Hay Reservoir area natural fractures is interpreted to result from 
dissolution of grains caused by fluid movements along and adjacent to the fractures. The 
fluids migrating along the fractures may have contained organic acids expelled by nearby 
organic-rich shales at 1 or more times in their history. Many fracture surfaces exhibit 
multiple phases of mineralization that suggest the chemistry of the fluids flowing along 
the fractures changed over time (Section 5.3.5.). 
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Secondary porosity development associated with extensive fracture occurrences in 
limited areas of Hay Reservoir may be responsible for anomalously high core plug 
porosities compared to depth noted for the HRU #11, #53 and #58 wells in Figure 5.38. 
This has not been verified by determining the distribution of fractures in the Hay 
Reservoir field area.  
 
 
5.9.6. Hay Reservoir “F” Sandstone Recovery Factor 
 
The Hay Reservoir “F” sandstone recovery factor is 72 percent based on 
consideration of the estimated ultimate recovery of 160 BCFGE and the original gas-in-
place of 221 BCFG. This recovery factor is reasonable when compared to an average of 
about 75 percent for other low-permeability gas reservoirs in the Rocky Mountain region 
(F. O’Keefe, 2006, pers. comm.).   
The original gas-in-place determination considered all of the “F” sandstone that 
met the gamma-ray log cut off criteria to be effective reservoir capable of contributing 
production. This is contrary to the petrographic analyses that indicate significant amounts 
of microporosity that cannot contribute to production. The SScc and SScl lithofacies 
contain the highest amount of microporosity. The summary of lithofacies thicknesses in 
Table 5.1 indicates that the combined gross thickness of the SScc and SScl lithofacies 
total 18 percent of the cored “F” sandstone interval. If 18 percent of the original gas-in-
place is contained in microporosity that does not contribute to production, the recovery 
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5.9.7. Hay Reservoir Field Production Comparison to Paleo-Structure 
 
 Estimated ultimate recoveries of gas-equivalent volumes, Weimer Marker 
Bentonite structure, net “F” sandstone isopach, the isopach from the “Big Red” coal to 
the “F” sandstone and water saturations are shown in a summary map (Figure 5.53).  This 
map provides a possible explanation for the poor performance of the wells located in the 
southeastern portion of the “F” sandstone. Note that these wells are located in the area 
that was paleostructurally low relative to the rest of the “F” sandstone at the time gas 
generation may have started to charge the reservoir.  
Early gas charging may have prevented diagenetic alteration of the updip portion 
of the reservoir. However, core data does not indicate the “F” sandstone in the HRU #50 
well in the southeastern part of the field (Figure 5.53) has low porosity or permeability 
compared to other cored wells. It is possible that inappropriate core plug drying 
procedures adversely affected the HRU #50 permeability analysis. Core plugs are 
routinely dried prior to determining permeabilities to remove interstitial water. If the 
HRU #50 core plugs were dried too aggressively, pore-lining clays could have been 
altered resulting in non-representative permeability measurements. The HRU #50 –  
9,895.75 thin section contained the most pore-lining illite clay of the Hay Reservoir thin 
sections point counted by J. Shannon. Additional petrographic analysis is recommended 
for other HRU #50 thin sections to determine if they also contain relatively abundant 
pore-lining illite clay. Mercury injection capillary pressure analysis (MICP) and scanning 
electron microscopy (SEM) of core samples from the HRU #50 and other Hay Reservoir 
cores is recommended. Mercury injection capillary pressure data provide information on 
pore-throat geometries that could explain differences in well performance. 
Water saturation values for the HRU #50 well are comparable to other wells in 
similar present-day structural positions (Figure 5.53). Water saturation analysis assumed 
that formation water chemistry is consistent across Hay Reservoir field. Variations in 
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formation water samples can be obtained, the possibility of reservoir compartments 
containing water with different compositions and different Rw values can be determined. 
Estimates for Rw may sometimes be obtained from analysis of SP logs, but this was not 
investigated during this study.  
 Water saturation calculations could have been performed with more sophisticated 
methods than the Archie equation and Pickett Plot analyses utilized in this study. The 
dual-water model would be appropriate to use for “F” sandstone water saturation 
calculations because of the large volumes of microporosity indicated by petrographic 
analyses. Dual-water model calculations would provide more accurate assessment of 
hydrocarbon pore volumes, but the approach utilized here achieved reasonable results 
compared to the EUR estimates. 
The mechanism responsible for generating the natural fractures observed in all of 
the Hay Reservoir area cores is not known. The identification of fractures with different 
orientations with respect to each other (Section 5.3.5) suggests that the stress regime 
responsible for the fractures changed over time. It is possible that fractures in the 
southeastern portion of the “F” sandstone are oriented differently than the fractures in the 
western portion of the reservoir. The present-day stress regime may result in the fractures 
towards the west being open and conduits to flow, whereas the fractures to the southeast 
are closed and flow barriers. It is recommended that fracture orientations be evaluated 
with borehole image and crossed dipole sonic logs. Analysis of seismic data is 
recommended to determine if fractures are associated with small-scale faults that could 
not be resolved with the available well control. Seismic data analysis may also provide 
information about variations in fracture intensity or orientation and be useful in the 
identification of possible reservoir compartments. 
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CHAPTER 6 




Six argillaceous microfacies have been described from a limited sample set of 
Lewis Shale mudrocks. The microfacies are distinguished on the basis of compositional, 
textural, petrophysical, and capillary seal properties. Geochemical analyses demonstrate 
that there are effective source rocks within lower Lewis Shale condensed zones and in 
closely associated coal-bearing intervals. Variations in Lewis Shale field production 




6.1. Previous Studies 
 
 Lewis Shale mudrocks have been the subject of numerous studies focused 
primarily on source-rock properties and seal capacity. Unfortunately, these studies have 
been restricted to limited sample sets because mudrock intervals are not routinely 
obtained in cores acquired by industry and unweathered outcrop samples are not 
generally available. The limited sample set has undoubtedly resulted in some incomplete 
characterizations of Lewis Shale mudrock that may only be recognized when additional 
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6.1.1. Microfacies 
 
Almon et al. (2001, 2002, 2003) subdivided the mudrocks of the Lewis Shale into 
6 argillaceous end-member microfacies on the basis of distinct compositional, textural, 
petrophysical, and seal properties. The microfacies composition, including total organic 
carbon content (TOC) and textural characteristics were determined by X-ray diffraction 
(XRD), scanning electron microscopy (SEM), dry combustion carbon analyzer (LECO 
Corporation Model CHN-1000), and thin-section petrographic techniques. Physical 
properties of the microfacies were determined by measuring sonic velocities, porosity, 
permeability and density at net confining stresses from 1,000 to 7,000 psi. Characteristics 
of the 6 microfacies are summarized in Tables 6.1 to 6.4.   
Analyses reviewed by Almon et al. (2001, 2002, 2003) were performed on 107 
samples collected from two wells and one outcrop (Castelblanco-Torres, 2003) (Figure 
6.1). These samples were thought to be representative and provide essentially complete 
coverage of the Lewis Shale depositional system. However, no samples were collected 
from shales directly associated with the sandstone reservoirs of any Lewis Shale field.  
The lowermost portion of the Lewis Shale near the contact with the underlying Almond 
Formation also was not sampled.   
Rigoris (2005) performed additional analyses of Lewis Shale mudrock samples 
from the two Almon et al. (2001, 2002, 2003) wells. These analyses resulted in revisions 
to some of the earlier TOC analyses, probably due to differences in sample collection 
methodology. Rigoris (2005) found TOC values for microfacies 1 and 2 were 0.5 to 1.0 
weight percent higher than the Almon et al. (2001, 2002, 2003) values. Rigoris (2005) 
also examined samples from the basal Lewis Shale in seven other wells (Figure 6.1), and 
petrographically identified 5 of the 6 Almon et al. (2001, 2002, 2003) microfacies. 
The results from analyses performed on shales directly associated with the key 
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Figure 6.1. Organic content, seal-capacity and burial history studies sample-location map. 
Color dots indicate well and outcrop locations for studies that are indicated in legend. 
Lewis Shale outcrops (green areas) from Green (1992) and Green and Drouillard (1994). 













Red line = Figure 6.4 Cross Section
Blue line = Figure 6.16 Cross Section
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Table 6.1. Name, brief description, paleoenvironment and systems tracts for 6 
microfacies identified in Lewis Shale mudrocks. From Almon et al. (2001, 2002, 2003).  
 
Table 6.2. Compositional data for 6 microfacies identified in Lewis Shale mudrocks. 
Abbreviation: wt. % = weight percent. From Almon et al. (2001).  
 
Micro 
facies Name Brief Description 
Paleoenvironment 
(Systems Tract) 




2 Phosphatic shales 
Dark gray to black shales 
with well-developed 
fissility and accessory 
authigenic minerals, fossils 
Condensed interval 
(Condensed section) 
3 Silty shales 
Dark gray to black  silty 






4 Silty calcareous shales 
Dark gray and black, silty, 
calcareous thin-bedded 
shales with well-developed 
fissility 
Variable current energy 
and oxygenation levels 
(highstand systems tract) 
5 Silty calcareous mudstones 
Gray, parallel-laminated 
silty (quartzose) calcareous 
mudstones 
Variable current energy 
and oxygenation levels 





Gray laminated mudstones 
interbedded with organic-
rich mudstones 
Hemiturbidite   deposition 




















1 51 1.0 - 1.3 0.5 - 2.0 5.0 - 7.0 2.0 - 3.0 0.5 - 2.0 
2 52 1.3 - 2.8 2.0 - 4.0 7.0 - 15 2.0 - 4.0 1.0 - 2.0 
3 61 1.1 - 1.5 0.6 - 1.0 1.0 - 6.0 0.2 - 1.0 0.0 - 2.0 
4 51 1.2 - 1.8 2.0 - 3.0 7.0 - 14 2.0 - 8.0 0.5 - 2.0 
5 40 - 50 0.6 - 0.7 0.2 - 1.0 8.0 - 12 4.0 - 7.0 0.4 - 2.0 
6 39 - 44 0.5 - 0.6 0.2 - 0.8 8.0 - 11 4.0 - 6.0 0.0 - 1.0 
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Table 6.3. Petrophysical data for 6 microfacies identified in Lewis Shale mudrocks. 
Abbreviations: md = millidarcies; psia = absolute pressure in pounds per square inch. 
From Almon et al. (2001, 2002, 2003).  
Table 6.4. Seismic-related properties of 6 microfacies identified in Lewis Shale 
mudrocks. Abbreviations: gm/cm3 = grams per cubic centimeter; ft/sec = feet per second; 












Pressure at 10% Saturation
(≈ Seal Breakthrough) 
(psia) 
1 3.0 - 6.0 0.006 0.003 15,735 - 18,495 
2 2.0 - 5.0 0.005 0.001 16,685 - 21,435 
3 12.8 - 20.0 0.025 0.001 - 0.098 2,755 - 5,355 
4 13.9 - 18.1 0.35 (0.01) (bimodal) 0.005 - 0.007 1,975 - 3,710 
5 17.5 - 18.2 0.6 (0.01) (bimodal) 0.013 - 0.032 1,740 - 7,655 
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6.1.2. Seal Capacity 
 
A key objective of the Almon et al. (2001, 2002, 2003) microfacies studies was to 
develop a model to predict the distribution and determine the characteristics of capillary 
seals within the Lewis Shale. Seal distribution was inferred from interpretations that 
placed each microfacies in specific positions within a sequence-stratigraphic framework. 
Seal capacity of the microfacies was determined by mercury injection capillary pressure 
(MICP) analyses (Almon et al., 2001, 2002, 2003).  
MICP data are obtained by injecting mercury into rock samples and recording the 
injection pressures necessary to achieve different levels of pore-volume saturation. The 
shape of the injection pressure vs. mercury-saturation curves may be used to estimate 
displacement pressure, irreducible water saturation or ineffective porosity, the thickness 
of the hydrocarbon-water transition zone, permeability, pore-throat size and pore-throat 
sorting (Schowalter, 1979; Jennings, 1987).  
Displacement pressure is the force required to form a continuous filament of oil 
through the largest connected pore throats of a water-wet rock (Schowalter, 1979). It is a 
function of the nonwetting (oil, gas or mercury) and wetting (water or air) phase 
interfacial tension, rock wettability and average pore-throat radius. Displacement 
pressure may be equated to the maximum pressure a seal can sustain prior to allowing 
breakthrough. Almon et al. (2001, 2002, 2003) assumed seal breakthrough occurs at an 
average nonwetting phase or mercury saturation of 10% (Figure 6.2), based on laboratory 
tests performed by Schowalter (1979). Jennings (1987, his Figure 2) estimated 
displacement pressure by extrapolating the slope of the middle “plateau” portion of MICP 
curves to an intersection with the vertical or mercury injection pressure axis. The 
displacement pressures determined by the Jennings (1987) method are lower than those 
determined by Almon et al (2001, 2002, 2003) using the 10% mercury saturation cutoff 

























Figure 6.2. Mercury injection capillary pressure (MICP) curves for Lewis Shale 
mudrock samples from 6 microfacies. Microfacies seal capacity (red numbers) are 
estimated from mercury injection pressures that correspond to 10% mercury saturation.
Modified after Almon et al. (2001, 2002, 2003) and Castelblanco-Torres (2003).
1  (Champlin 276 D#1, 8187.5 ft)
2  (Champlin 276 D#1, 8075 ft)
3  (CSM Strat Test #61, 1605.8 ft)
4  (CSM Strat Test #61, 934 ft)
5  (CSM Strat Test #61, 447.5 ft)
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MICP curves for samples from each Almon et al. (2001, 2002, 2003) microfacies 
are shown in Figure 6.2. Microfacies 1 and 2 are interpreted as condensed-section and 
upper transgressive systems tract deposits, respectively, and have the best seal 
characteristics (Figure 6.2, Table 6.2) (Almon et al., 2001, 2002, 2003). The remaining 
four microfacies, interpreted as highstand systems tract deposits, have significantly lower 
seal capacities.  
The relatively high bulk density, shear velocity, Young’s modulus and shear 
modulus of the high-sealing capacity microfacies are distinctive from the low-sealing 
capacity microfacies (Table 6.4).  The rock-property differences between the highest and 
lowest sealing-capacity microfacies suggests that seismic techniques may provide a 
means for seal evaluation (Almon et al., 2001, 2002, 2003).  
 
 
6.1.3. Source Rocks 
 
Source-rock studies have identified several different intervals capable of 
generating the petroleum produced from eastern GGRB Lewis Shale reservoirs.  
Thermally mature coals and carbonaceous shales of the associated Almond, Lance and 
Fort Union Formations have been cited as possible sources for production from Lewis 
Shale reservoir by many authors, including Meissner (1984, 1987), Dolly and Meissner  
(1977), McPeek (1981), Law (1984), Spencer (1987), Law et al. (1989), and García-
González et al. (1995, 1997, and 1998).   
Sources within the mudrocks of the Lewis Shale have been proposed by Law 
(1996), Pyles (2000), Dollof and Lancaster (2001), Zainal (2001), Hamzah (2002), 
Almon et al. (2001, 2002, 2003), Rigoris (2005), and Hettinger and Roberts (2005). The 
Lewis Shale interval that contains the highest total organic content is informally known 
as the “Asquith Marker.”  The Asquith Marker is a high gamma-ray interval from 8 to 43 
ft (2.4 to 13 m) thick, and has been interpreted as a third-order condensed section 
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associated with maximum transgression during Lewis Shale deposition (Pyles, 2000; 
Pasternack, 2005). Gas might also have been sourced from additional thinner, fourth-
order condensed sections distributed throughout the Lewis Shale (Pyles, 2000; Hettinger 
and Roberts, 2005). 
Methane carbon isotope composition data from 9 Lewis Shale fields range from   
-34.16 to -47.370/00 δ13C versus the PDB (Peedee Belemnite standard) (U. S. Geological 
Survey, unpublished) (Appendix E), which indicates a thermogenic origin (M. Lewan, 
2003, pers. comm.). No isotopic data for wet gas components are available to provide 
data for correlation to possible source rocks (James, 1990). 
 
 
6.1.3.1. Thermal Maturity 
 
The thermal maturity of portions of the Lewis Shale and associated rocks has 
been reported in several studies including Law (1984), Merewether et al. (1987), Pyles 
(2000), Pawlewicz and Finn  (2002), Roberts et al. (2004, 2005), Pawlewicz (2003, pers. 
comm.), and Rigoris (2005). The thermal maturities reported by Pyles (2000) and Rigoris 
(2005) were determined by Rock-Eval® pyrolysis, whereas the other studies were based 
upon vitrinite reflectance analysis.  
Rock-Eval® is a standardized pyrolysis method developed by Espitalié et al. 
(1977) to evaluate potential source rocks.  Rock-Eval® pyrolysis is the most widely used 
screening technique for source-rock characterization because it does not require special 
preparation of the samples other than grinding. Other source-rock evaluation methods 
require isolation of the organic matter, which is a lengthy and expensive process.  
Rock-Eval® pyrolysis typically involves the programmed heating of pulverized 
and washed 100 mg whole-rock samples under an inert helium atmosphere in an open 
system (Peters, 1986; Jarvie, 1993; Hunt, 1996). The samples are heated at 300oC (572oF) 
for 5 minutes, followed by increasing the temperature to 600oC (1,112oF) at a rate of 
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about 25oC (77oF) per minute. The entire analysis requires approximately 20 minutes, 
allowing some time for the oven to cool. The volumes of organic compounds, including 
both hydrocarbons and non-hydrocarbons, vaporized from the sample during the heating 
process are measured by a flame ionization detector (FID). Volumes of carbon dioxide 
(CO2) that are generated are determined by a thermal conductivity detector (TCD) 
(Peters, 1986).    
An idealized schematic diagram of the sample data output by Rock-Eval® 
pyrolysis, known as a pyrogram, is shown in Figure 6.3.  The FID generally detects 2 
peaks, labeled S1 and S2 (Figure 6.3), which indicate temperatures at which the largest 
volume of hydrocarbons and hydrocarbon-like compounds are vaporized.  The S1 peak is 
produced by the free, thermally extractable volatile hydrocarbons present in the original 
sample.   
The S2 peak is the result of thermal cracking of high molecular weight organic 
compounds that did not vaporize during the S1 heating phase into both hydrocarbons and 
hydrocarbon-like compounds. The temperature at which the FID indicates maximum S2 
peak hydrocarbon and hydrocarbon-like compound generation is known as “Tmax,” a 
value that provides a crude measurement of thermal maturity.  Tmax values less than about 
435oC indicate immature organic matter. Tmax values greater than 440oC indicate maturity 
levels capable of generating oil. Tmax values greater than about 455oC indicate maturity 
levels at which oil is thermally cracked to gas (Jarvie, 1993). Samples with low organic 
content will result in a low broad S2 peak or two peaks that are difficult to interpret for a 
definitive Tmax value. Measurements of Tmax are very dependent on the organic-matter 
type, thus other thermal maturity analytical techniques, such as vitrinite- reflectance 
analyses, should also be performed to confirm results (Peters, 1986).  
The TCD measures the S3 peak produced by carbon dioxide trapped during 
organic matter thermal cracking. It is necessary to trap the organic carbon dioxide over 
the appropriate temperature range to avoid mixing with carbon dioxide that results from 
the thermal degradation of carbonate minerals. The volumes of generated hydrocarbons  
      TOC
       
S2 
Figure 6.3. Schematic of Rock-Eval® analysis cycle, pyrogram and applications to source-rock 
characterization. Total organic carbon (TOC) determined by separate analysis. Abbreviations: 
temp. = temperature; HC = hydrocarbon: FID = flame ionization detector; TDC = thermal 
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and carbon dioxide are provided in units of mg HC/gram rock and mg CO2/gram rock, 
respectively, after appropriate detector calibration. TOC is determined separately and the 
ratio of the S2 peak mg HC/gram of TOC is known as the Hydrogen Index (HI), whereas 
the ratio of the S3 peak mg CO2/gram rock to TOC is known as the Oxygen Index (OI). 
The use of HI and OI values in organic matter typing are discussed below under Section 
6.1.3.3. 
Closed-system hydrous pyrolysis simulates subsiding sedimentary basins of 
natural source-rock systems more closely than Rock-Eval® pyrolysis (Lewan, 1992). The 
timing and rate that source-rock organic material is converted to petroleum is controlled 
by the kinetic properties of the organic material. The kinetic properties determined from 
closed-system hydrous pyrolysis provide a reasonable approximation of natural systems 
where water is present and generated products are not allowed to quickly escape.   
Conversely, Rock-Eval® pyrolysis is performed in the absence of water and volatilized 
products are quickly expelled from the sample chamber containing the remaining organic 
material. Time-dependent processes are difficult to simulate because of the extremely 
limited duration of laboratory analyses compared to geologic time spans.  
Vitrinite reflectance analysis determines the intensity of reflected light from the 
most common microscopically identifiable product of degraded vascular plants. Vitrinite 
is primarily derived from lignin, cellulose, and tannins of plants, and especially from bark 
and wood. The reasons vitrinite is frequently used for thermal maturation determinations 
are: 1) it occurs in about 80 percent of the shales and sandstones of sedimentary basins; 
2) vitrinite grains are commonly large enough to allow measurement of reflection values 
when viewed under an incident-light microscope, and; 3) vitrinite undergoes uniform 
physical and chemical transformation as it is subjected to increasing temperatures with 
burial (Hunt, 1996). Vitrinite reflectance accurately establishes the effective maximum 
paleotemperature and its duration (Mukhopadhyay, 1994). 
Vitrinite reflectance values are reported in units of “%Ro.” The extent of gas 
expelled from gas-prone source rocks may be directly related to vitrinite reflectance 
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values because vitrinite is one of the primary organic components responsible for gas 
generation (Roberts et al., 2004). Field observations (Scott, 1993) and pyrolysis 
experiments (Tang et al., 1996) indicate a vitrinite reflectance of 0.5 %Ro is typical for 
the start of gas generation from humic coals. Field studies by Law (2002) and pyrolysis 
experiments by Tang et al. (1996) indicate the peak gas generation threshold, sufficient to 
form economic accumulations or overpressuring, ranges between 0.8 and 1.0 %Ro. 
Closed-system pyrolysis experiments indicate that gas generation from gas-prone source 
rocks ceases at vitrinite reflectance values between 1.8 and 2.0 %Ro (Saxby et al., 1986; 
Rohrback and others, 1984; Kotarba and Lewan, 2004).  
 
 
6.1.3.2. Organic Content  
 
The total organic content (TOC) of portions of the Lewis Shale has been reported 
in several studies including Law (1984), USGS (1987), Pyles (2000), Dodds (2000), 
Dolloff and Lancaster (2001), Castelblanco-Torres (2003), Pasternack (2005), and 
Rigoris (2005). The maximum organic content identified by these Lewis Shale mudrock 
studies occurs in the “Asquith Marker” condensed interval. Figure 3.12 is a log display of 
a unique Asquith Marker interval core that shows the TOC analyses from several of these 
studies for comparison purposes. Pasternack (2005) and Rigoris (2005) noted that 
variations in TOC reported by these studies of closely spaced spot samples are probably 
attributable to high-frequency vertical variations in TOC content, rather than problems 
with analytical accuracy.   
Rigoris (2005) collected a total of 145 3-ft (0.9-m) composite-core samples from 
9 wells (Figure 6.1, Figure 6.4).  Humble Geochemical Services (HGS) performed Rock-
Eval® pyrolysis on all of the samples collected by Rigoris (2005). HGS re-determined 
TOC of the Champlin 446 A#1 using a LECO dry combustion carbon analyzer because 
of the advanced thermal maturity of the samples from this well. Rock-Eval® TOC  
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Figure 6.4. Stratigraphic cross section of the lower Lewis Shale and upper Almond Formation through 9 cored wells studied by Rigoris (2005). Cross section datum is base of Lewis Shale (= top of Almond) except datum for
CSM Strat. Test #61 is Weimer Marker Bentonite. Vertical scale indicated by values in depth track (feet); horizontal distances between wells are indicated by values in "< >" brackets and are not to scale. Core intervals are 
indicated by blue cross-hachured rectangles. Core TOC in weight percent indicated by heavy black lines below 0 to 6 scales. All core intervals sampled by Rigoris (2005) and TOC Rock-Eval® analyses performed by Humble
Geochemical Services. Red rectangles are perforated intervals. Solid lines are chronostratigraphic correlations. Dashed lines are lithostratigraphic correlations. The line of section is indicated by the red line on Figure 6.1. 
Abbreviations: GR = gamma-ray log; ILD = deep resistivity log; MI = miles.
AMOCO PROD CO








NG CORP OF CA




T22N-R90W-15 SW NE SW
AMOCO PROD CO




T18N-R92W-36 C NW SE
AMOCO PROD CO
CHAMPLIN 445 AMOCO #1
T17N-R92W-15 C SW
COLORADO SCHOOL OF MINES
STRAT TEST #61
T16N-R92W-25 NW NE NW
<17.32MI> <3.50MI> <7.45MI> <21.96MI> <19.42MI> <8.86MI> <3.99MI> <7.98MI>
0 150 0.2 2000
ILD
0 150 0.2 2000
ILD
0 150 0.2 2000
ILD
0 150 0.2 2000 0 150 0.2 2000 0 150 0.2 2000 0 150 0.2 2000
ILD


































































































































































0 2 4 6
0 2 4 6 0 2 4 6
0 2 4 6
0 2 4 6
0 2 4 6
0 2 4 6 0 2 4 6
0 2 4 6
Datum =
Vertical Scale        

























































































































































































































































   222 
determination is accurate for thermal maturity levels less than 1.0 %Ro (Peters, 1986), but 
most of the Champlin 446 A#1 samples had thermal maturity values that were greater 
than 1.0 %Ro (Figure 6.5). 
Rigoris (2005) collected 8 samples from the 25-ft (7.6-m) thick Asquith Marker 
interval in the Champlin 276 D#1 well (Figure 3.12, Figure 6.4) and analyses established 
the average TOC was 3.2 weight percent.  The lower Lewis Shale contained an average 
TOC of 0.92 weight percent in 106 3-ft (0.9 m) composite-core samples collected over a 
total interval of 305 ft (93 m) in 8 wells (Figure 6.4). 
The minimum concentration of organic matter that a source rock must contain to 
be capable of generating petroleum is controversial. Hunt (1996) suggested that the 
minimum amount may be 0.5 weight percent, whereas Lewan et al. (2002) stated the 
minimum amount is 2.5 weight percent. The 2.5 weight percent limit was based on 
petrographic observations that rocks containing less than this amount of organic matter 
may not be capable of establishing a continuous bitumen network to facilitate primary 
migration and expulsion (Lewan, 1987). Gas-prone source-rocks may be capable of 
expelling petroleum at lower TOC concentrations than oil-prone source-rocks. The 
minimum TOC concentration necessary for gas-prone source rocks to be effective is 
currently being investigated (Lewan, 2006, pers. comm.). The gas volume generated by a 
potential source must exceed the solubility of the gas in pore fluids in order for an 
accumulation to develop. Therefore, the minimum TOC concentration necessary for a 
source to be effective is a function of the pore volume and pressure. Assuming a 
minimum concentration of 1.0 weight percent, a source rock with 5 percent porosity 
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6.1.3.3. Kerogen Type 
 
The quantity and type of petroleum generated by a source rock are a function of 
the amount of hydrogen contained in the organic matter and level of maturity. Four major 
types of organic matter or kerogen have been distinguished based upon how they 
progress through the maturation process (Hunt, 1996), which is a function of their 
hydrogen content and the depositional environment in which they were formed.  Type I 
kerogens contain the highest hydrogen content, are deposited in lacustrine environments, 
and primarily generate oil. Type II kerogens contain an intermediate amount of hydrogen, 
are deposited in marine environments, and generate primarily oil with some gas. Type III 
kerogens contain less hydrogen than either Type I or II kerogen, are deposited in poorly 
drained coastal-plain environments, and generate primarily gas. Type IV kerogen 
contains the least amount of hydrogen, and are generally considered inert. If maturation 
has progressed to an advanced stage (%Ro ≥ 1.5), oil will be thermally cracked to gas.  
Figure 6.6 is a hydrogen index/oxygen index (HI)/ (OI) diagram illustrating the 
Rigoris (2005) Rock-Eval® pyrolysis data. This diagram is similar to a van Krevelen 
diagram, which is considered to be the best graphical method for evaluating the quality 
and maturation state of kerogen (Hunt, 1996). The van Krevelen diagram compares the 
atomic ratios of hydrogen to carbon ratio to the atomic ratios of oxygen to carbon. 
Obtaining the elemental analysis data necessary to plot a van Krevelen diagram is 
difficult and time-consuming. Rock-Eval® pyrolysis is a rapid, efficient technique that 
provides data that may be interpreted in a manner similar to elemental data plotted on a 
van Krevelen diagram. Note that the HI values for the Asquith Marker interval samples 
from the Champlin 276 D#1 are higher, indicating probable Type II kerogen. Samples 
from the other Champlin 276 D#1 core intervals have intermediate HI values, indicating a 
probable mixed Type II and Type III kerogen.  All of the lower Lewis Shale samples 
have relatively low hydrogen indices, indicating Type III or Type IV kerogen sources 
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Figure 6.6. Hydrogen index/oxygen index (HI)/(OI) diagram modified from Rigoris
(2005, her Figure 4.11) illustrating the Rock-Eval® pyrolysis results from 9 cored wells. 
The core sample intervals from the lower Lewis Shale are less than 50 ft (15 m) above 
the Almond formation. The Asquith Marker and associated samples above and below 
are from the Champlin 276 D#1 cores. See Figure 6.4 for locations of the cored intervals.  
Core Sample Interval
Asquith Marker
Lower Lewis Shale  
Below Asquith Marker  
Above Asquith Marker  
CSM Strat Well #61 
   225 
6.1.3.4. Geophysical Log Source Rock Characterization 
 
Source rock organic content is typically determined by geochemical analyses of 
well core or cuttings samples. Several wireline logging techniques have also been  
developed to evaluate organic content and are summarized in Table 6.5. The key attribute 
that these log-interpretation techniques rely upon is that organic matter contained within 
source rocks has distinctive petrophysical properties that allow assessment.  
The geophysical tool response most commonly used to identify source rocks is 
high gamma-ray values (Passey et al., 1990). High gamma-ray values are the result of 
relatively high (15 to 60 ppm) concentrations of uranium contained by some source 
rocks. This is because the conditions conducive to preservation of organic matter, low 
oxygen or low Eh (0 to –400 mv, Hunt, 1996) and slow sedimentation rates, are also 
favorable for the precipitation of uranium. Uranium normally occurs dispersed in 
seawater as U+6, but is reduced to U+4 and precipitated under low Eh conditions.  
Conventional gamma-ray logging tools are scintillation spectrometers that count 
radiation from multiple windows to determine concentrations of uranium, potassium and 
thorium (Fertl and Chilingar, 1988). Other lithologies such as feldspathic-, clay- or mica-
rich sandstones may also exhibit high gamma-ray responses due to potassium or thorium 
radiation, which makes them difficult to distinguish from source rocks. Spectral gamma-  
ray tools measure uranium, potassium and thorium radiation independently, providing a 
means for differentiating source rocks from other lithologies.  
Spectral gamma-ray uranium measurements may be used quantitatively to 
determine source-rock organic matter, measured as TOC, if calibrated with well sample 
geochemical analyses and restricted to correlative units deposited under similar 
conditions. Spectral gamma-ray data must be used with caution, however, as the 
relationship between uranium and TOC is not consistent due to the effects that 
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It should be noted that lacustrine source rocks might not have any gamma-ray 
signature. This is attributable to the scarcity of uranium in lacustrine environments, 
thereby inhibiting the association of organic matter and uranium that is typical of marine 
source rocks.  
Pulsed neutron logging tools provide measurements of the carbon-to-oxygen ratio 
in the formation. This may be used to quantify the amount of organic matter in source- 
rock intervals. The amount of carbon not associated with organic matter (i.e., as 
carbonate matrix or cement) must be distinguished in order to obtain an accurate 
determination of source-rock TOC.   
The Elemental Capture Spectroscopy Sonde® (ECS) offered by Schlumberger 
Oilfield Services is the latest in a line of pulsed neutron tools that can be used for 
geochemical analysis. An americium beryllium (AmBe) neutron source and a large 
bismuth germinate (BGO) detector are used to measure relative elemental yields based on 
neutron-induced capture gamma-ray spectroscopy.  Relative elemental yields are derived 
using Fourier transform analysis to identify 23 elements, including silicon, aluminum, 
iron, calcium, and potassium.  The relative abundance of these elements has been 
correlated with particular minerals and sedimentary lithologies (Herron and Herron, 
1997). This information can be used to determine the amount of carbonate matrix or 
cement that are present, and thus estimate the amount of TOC.  
Density, neutron and sonic logging tools may all be used to evaluate the amount 
of organic matter in source-rock intervals. Organic matter has a low density (ρorganic matter 
≈ 1.0 gm/cc) relative to source-rock matrix minerals (ρmatrix ≈ 2.65 to 2.75 gm/cc) that 
will affect the density tool response if present in sufficient quantities (Figure 6.7).  Older 
studies have successfully used density logs to estimate TOC, but relied on the two 
assumptions that there was no water-filled porosity and that the porosity was constant 
throughout the evaluated intervals (Herron, 1991). These assumptions are probably not 








































































































































































































































   229 
The density tool is a pad device that requires an in-gauge borehole for accurate 
measurements. This is often not the case in source-rock intervals because of frequent 
association with swelling clays. Density responses must also be corrected for any pyrite 
that is commonly present in source rocks.  
Neutron response may be described in terms of the hydrogen index, or “HI,” 
which is defined as the ratio of hydrogen atoms in a volume of formation to the number 
of hydrogen atoms in an equivalent volume of water. The high hydrogen concentration of 
source-rock organic matter (HI ≈ 0.7) results in a high neutron log response, as shown in 
Figure 6.7. The neutron log also responds to some clays (montmorillonite containing two 
water layers has an HI ≈ 0.6) associated with source rocks. Therefore, the neutron log is 
generally used for only qualitative assessment of TOC (Herron, 1991).  
Sonic log interval transit times in organic matter have been estimated at 150 to 
more than 200 µsec/ft (Herron, 1991). This response to organic matter is similar to the 
density and neutron responses (i.e., indicating apparent high porosity), as shown in Figure 
6.7. The sonic log response has not been used by itself as a method to determine source 
rock TOC (Herron, 1991).  
Source-rock organic matter that has not begun expelling petroleum due to low 
thermal maturity (%Ro < 0.5 or LOM < 6) (LOM = Level of Organic Metamorphism) 
will not be detected by resistivity tools. This is because the organic matter is 
disseminated through the source rock matrix. Once the organic matter has started to 
become thermally mature (%Ro > 0.5 or LOM ≥ 6), petroleum expelled into the source-
rock pore space causes a high resistivity response, as shown in Figure 6.7. The response 
of resistivity logs makes them a better tool for assessing source-rock maturity than 
organic richness (Herron, 1991).  
The sonic log has been used in conjunction with resistivity logs in a method called 
“delta log R” (∆ log R), described by Passey et al. (1990), to successfully predict TOCs 
in a variety of source rocks worldwide. The ∆ log R method utilizes a properly scaled  
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porosity log (preferably sonic), overlain with a (preferably deep-reading) resistivity log. 
Because these 2 logs are often available, this method can be very broadly applied.  
In practice, the ∆ log R method requires that the sonic interval transit time is 
scaled so that 50 µsec/ft is equal to one resistivity logarithm cycle or decade. Figure 6.8 is 
an example log that illustrates this scaling.  The sonic and resistivity curves are shifted so  
that the two curves directly overlie one another within non source-rock intervals to 
establish a baseline. The baseline will require adjustments with depth due to compaction 
and major lithology changes (i.e., siliciclastic to carbonate). Potential organic-rich 
intervals are indicated where there is separation and non-parallelism between the two 
curves. The separation, designated “∆ log R,” is measured in proportion to the width of 
one resistivity decade. The ∆ log R value can be related to organic matter content by 
using the chart contained in Figure 6.9, which indicates that the separation is linearly 
related to TOC. The chart also indicates that the ∆ log R value separation-to-TOC 
relationship is a function of maturity.  The maturity must be determined from well sample 
geochemical testing or estimated from burial history analyses.  If the maturity level is 
incorrectly estimated, the absolute TOC values will be somewhat in error, but the relative 
TOC magnitude variations will be correct (Passey et al., 1990).  A value of 0.8 weight 
percent should always be added to the ∆ log R-derived value for TOC obtained from the 
chart to account for “background” organic matter contained in the non-source rock 
interval that was used to establish the baseline (Passey et al., 1990). 
Although others have suggested combinations of porosity/resistivity logs for 
source-rock analyses, the innovation of Passey et al. (1990) is the incorporation of 
maturity as an input to the interpretation. This makes it possible to interpret the 
separation between the two properly scaled and overlain log curves in terms of both TOC 
content and level of thermal maturity (Herron, 1991). The logic Passey et al. (1990) used 
for the ∆ log R method is that in immature source rocks, separation develops due to the 
substitution of low density (and low-velocity) organic matter for some of the inorganic 
rock matrix. As the source rock matures, petroleum is generated, displacing some of the  
Figure 6.8. Diagram illustrating ∆ log R method. Gamma-ray log is shown in track 1. 
Sonic log and resistivity log are shown in track 2. The scale for the sonic log has been 
set so that 50 microsec/ft is equal to 1 resistivity logarithm cycle or decade. The sonic 
and resistivity curves have been shifted so that they overlay one another below 2400 
m to establish the baseline interval. ∆ log R separation (indicated by red arrow) is 
present over much of the log interval and reaches a maximum of approximately 0.7 
(measured relative to one resistivity logarithm or decade). Note good agreement 
between the core sample geochemical analyses (indicated by black dots) and the 
curves derived from ∆ log R analyses in track 4. Abbreviations: GR = gamma-ray; 
RESIS = deep resistivity; S2 = Rock-Eval® pyrolysis value; TOC = total organic 
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pore water and causing an increase in resistivity. Figure 6.10 shows a schematic 
illustration that is useful for distinguishing source rock intervals from other lithologies 
that may also exhibit ∆ log R separation (i.e., porous reservoirs). 
Creaney and Passey (1993) utilized the ∆ log R technique to evaluate many of the 
world’s prolific source rocks and determined that they are frequently less than 100 ft (30 
m) thick and have TOC values that average more than 2% by weight.  They have also 
used the ∆ log R technique to resolve condensed section TOC stacking patterns that are 
generally not distinguishable with other methods. The simplest pattern consists of “a high 
TOC at the base, decreasing upward” unit that they call an “HTB.” Creaney and Passey 
(1993) proposed a model that utilizes different stacking patterns to distinguish the relative 
proximity to detrital sources, as shown in Figure 6.11. They concluded: “In a basin 
center, source rock accumulation begins earlier and persists longer than in shelfward age-
equivalent rocks. The maximum TOC values in both locations should occur at the time of 
maximum flooding. The peak in a marine-TOC profile is most likely to be a time-
synchronous marker, often correlatable across much of the basin” (Creaney and Passey, 
1993). Thus, the ∆ log R technique can be used in stratigraphic studies to determine 
proximity of detrital sources and assist in identification of appropriate datums. 
The ∆ log R technique described by Passey et al. (1990) utilizes widely available 
sonic and resistivity logs to characterize source-rock quality. Once calibrated with 
source-rock maturation levels (determined by well sample geochemical analyses or burial  
history studies), this method may be applied with caution over basin-scale areas. This 
approach significantly reduces the number of geochemical analyses that are necessary, 






Figure 6.10. Schematic diagram illustrating ∆ log R responses in a variety of different 
lithologies. Zones C, F, H and I are organic rich. Zones B, D and G exhibit ∆ log R 
separation but are distinguished from potential source rocks by their low gamma- ray 
response which indicates these intervals are oil reservoirs. Intervals of non-source or 
non-reservoir generally have porosity and resistivity curves that overlie (established as 
the baseline), as shown in zones A, E and J. From Passey et al. (1990, their Figure 12).
234
Figure 6.11. Diagram illustrating model for the stacking pattern and stratigraphic 
distribution of organic-rich rocks. Low Eh conditions conducive to the preservation of 
organic matter are assumed to occur near the toe of each prograding clinoform. 
Relative organic richness is represented by the magnitude of the ∆log R separation 
between the sonic and resistivity curves. Each dark shaded triangular-shaped pattern 
consists of high TOC at its base with decreasing TOC upward in a unit called an 
“HTB.” Note that there are more HTBs stacked in the most basinward location. From 
Creaney and Passey (1993, their Figure 9).
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6.1.3.5. Sand Wash Basin Study 
 
Dolloff and Lancaster (2001) performed geophysical log analysis of 2 wells and 
proposed that Sand Wash basin Lewis Shale (Figure 6.1) contains bypassed pay potential 
within microfractured shale. They consider the Sand Wash basin Lewis to be analogous 
to the San Juan basin (southern Colorado and northern New Mexico) Lewis Shale. They  
noted that more than 550 San Juan basin wells have been completed in Lewis Shale  
intervals since 1991, with estimated ultimate recoveries of 300 to 500 MMCFG (millions 
of cubic feet of gas) per 80 acres. 
The geophysical log analysis technique used by Dolloff and Lancaster (2001) was 
developed by Jennings et al. (1997) for the San Juan basin Lewis Shale. The geophysical  
log analyses performed by Dolloff and Lancaster (2001) determined TOC contents within 
the Sand Wash basin Lewis “Asquith Marker” condensed interval to range between 4 and 
9 weight percent. The evidence that Dolloff and Lancaster (2001) provided for the 
presence of microfractures in the Sand Wash basin was limited to observations of 
premature screen outs that occurred during stimulation treatments. 
 
 
6.1.4. Burial History 
 
Roberts et al. (2004, 2005) performed burial-history studies of the Lewis Shale 
and associated intervals in 3 wells located in the eastern Greater Green River basin 
(Figures 6.1 and 6.12). They assumed that post-Eocene deposition at these locations was 
about 2,400 to 2,500 ft (731 to 762 m) based on geology of surrounding areas. Uplift and 
erosion removed 3,000 to 3,200 ft (914 to 975 m) of Eocene and younger rocks starting 
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Roberts et al. (2004, 2005) used hydrous-pyrolysis parameters to determine the 
timing of oil and gas generation. They demonstrated that gas generation from Lewis 
Shale source rocks commenced at significantly different times (Figure 6.12). Earliest gas 
generation took place at the Eagles Nest location (63 Ma), followed by the Adobe Town 
location (56 Ma) and the Bear 1 location (12 Ma). Peak gas generation stage also 
occurred earliest at the Eagles Nest location (54 Ma), followed by the Adobe Town (52 
Ma) location, but has not been reached at the Bear 1 location. Adobe Town is the only 





Two new maps showing the thermal maturity and average TOC content of the 
Asquith Marker interval are provided. These maps were interpreted from data compiled 
from previous studies and from new data acquired for this study. Vitrinite reflectance 
data were used to estimate the thermal maturity of the Asquith Marker interval. The ∆ log 
R log analysis technique (Passey et al., 1990) and normalized gamma-ray logs were used 
to estimate organic content of the lower Lewis Shale. Gamma-ray logs are used to map 
the average TOC of the Asquith Marker interval in the eastern GGRB. New samples were 
collected to determine the organic content and thermal maturity of shales associated with 
the key reservoir sandstone at Hay Reservoir field. The Lewis Shale associated with the 
key reservoir sandstone at Hay Reservoir field contains an average of 2.11 weight percent 






   239 
6.2.1. Asquith Marker Thermal Maturity  
  
Vitrinite reflectance and Rock-Eval® Tmax data reported in several studies (Law, 
1984; Merewether et al., 1987; Pyles, 2000; Pawlewicz and Finn, 2002; Roberts et al., 
2004, 2005; Pawlewicz, 2003, pers. comm.; Rigoris, 2005) were assessed to determine 
whether they could be used for interpreting the thermal maturity of the Asquith Marker.  
The evaluation demonstrated that most of these data should be excluded from the 
interpretation because a value for the Asquith Marker thermal maturity could not be 
reliably determined.  
Humble Geochemical Services (HGS) performed Rock-Eval® pyrolysis on the 
Asquith Marker interval sampled from the Champlin 276 D#1 core (Figure 3.12, Figure 
6.4), (Pyles, 2000; Rigoris, 2005) and from the Rawlins outcrop (Pyles, 2000; Lewan, 
2003, pers. comm.). HGS also performed Rock-Eval® analyses for 5 wells in the Hay 
Reservoir field area for this study. All of the HGS Rock-Eval® pyrolysis data are 
tabulated in Appendix E.  
The thermal maturity data provided by HGS includes both Tmax values and Tmax-
derived vitrinite reflectance values. The HGS Tmax-derived vitrinite reflectance data for  
the Hay Reservoir field area and the Rawlins outcrop (Pyles, 2000) are indicated by blue 
symbols on Figure 6.13.  
Pawlewicz (2003, pers. comm.) provided direct (optical) measurements of 
vitrinite reflectance for 2 coal samples collected at the Rawlins outcrop (Pyles, 2000) and 
7 shale samples collected in the Hay Reservoir field area (Appendix E). The vitrinite 
reflectance data provided by Pawlewicz are indicated by the red dots on Figure 6.13.   
Vitrinite reflectance data from the Lewis Shale and associated intervals at 21 locations 
were selected from Law (1984), Merewether et al. (1987), Pawlewicz and Finn (2002) 
and Pawlewicz (2003, pers. comm.). The data were loaded into Microsoft Excel® and 
vitrinite reflectance values (%Ro) were plotted vs. depth. The best-fit lines through the 
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analyses (Figure 6.14). The %Ro value for the Asquith Marker at all 21 locations was 
calculated from the best-fit linear equation because this equation generally provided a 
better correlation coefficient than the logarithmic equation (Appendix E).  
Most vitrinite reflectance data reported by Law (1984), Merewether et al. (1987), 
and Pawlewicz and Finn (2002) were not used for mapping because a value for the 
Asquith Marker thermal maturity could not be reliably determined. This was generally 
the result of insufficient data to allow accurate projection of a best-fit line through the 
Asquith Marker interval. In a few cases, vitrinite reflectance data were excluded because  
the best-fit line resulted in anomalous values for the Asquith Marker compared to values 
from other wells in the vicinity. This may be attributable in some cases to sample cuttings 
contamination caused by caving (Rainbow Resources Pacific Creek #1-34, SW NE Sec. 
34, T27 N, R103W). 
The majority of data used for interpretation of the Asquith Marker thermal 
maturity map were determined by measurement of vitrinite reflectance. The only HGS  
Tmax-derived vitrinite reflectance data used for map interpretation were from the Asquith 
Marker interval core in the Champlin 276 D#1 well. The arithmetic average of  HGS 
Tmax-derived vitrinite reflectance values for the Champlin 276 D#1 core reported by Pyles 
(2000) and Rigoris (2005) was %Ro = 0.65.  
The thermal maturity and present-day subsea structural elevation of the Asquith 
Marker are shown together on a map because they are probably related (Figure 6.15). The 
limited amount of thermal maturity data, indicated by the light blue dots at 21 wells and 1 
outcrop, allows the contours to generally be mapped subparallel to the structure. The 
exceptions to the thermal maturity- and structural-contour parallel relationship occur in 
the northeastern-most part of the map and the area along the Paleocene truncation of the 
Asquith Marker in the southwestern part of the map.  
 Lewis Shale field outlines are also shown on the map (Figure 6.15) to indicate 








Figure 6.14. Ohio Oil Co. Mud Lake Unit #1 (NW NW Sec 12-T23N-R98W) thermal
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Figure 6.15. Asquith Marker thermal maturity and structure map. Thermal maturity is 
indicated by color-filled contours based on data at 22 locations discussed in the text. 
Structural contours interpreted from 968 wells indicated by gray dots. Lewis Shale outcrops 
(green areas) from Green (1992) and Green and Drouillard (1994). Lewis Shale fields (pink 
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past generation. Note that the most productive Lewis Shale reservoir, Desert Springs 
field, is located west of the area where the Asquith Marker is mature (T21N, R98W). 
 
 
6.2.2. Determination of Organic Content Using Continuous Core Sampling 
 
Several studies have described the Asquith Marker interval core from the Amoco 
Champlin 276 D#1 (well 7 on Figures 3.4, 3.8 and 3.11) because it is probably the only 
core available through this interval. TOC data from these studies (USGS, 1987; Pyles, 
2000; Dodds, 2000; Almon et al., 2001, 2002; Castelblanco-Torres, 2003; Rigoris, 2005) 
are shown on the far right track of a log display of the cored interval (Figure 3.12). 
The data from 4 of the studies (USGS, 1987; Pyles, 2000; Dodds, 2000; 
Castelblanco-Torres, 2003) were from individual or spot samples collected at depths  
indicated by the different color “X’s”. All of the samples were collected from the same 
core at the U.S. Geological Survey, so there was concern over scatter of the TOC data 
indicated on the log. For example, the interval between 8150 and 8151 ft shows values 
that range from 1.4 to 3.2 weight percent TOC.  
A different sampling methodology was proposed to address the data scatter and 
was implemented by Rigoris (2005). Rigoris collected a continuous sample along the 
entire core length, making an effort to obtain a consistent sample volume from each foot 
(0.3 m). These samples were combined over 3-ft (0.9 m) intervals, crushed to mix them, 
and then sent to a geochemical laboratory for TOC analyses. The composite samples 
were sent “blind” (no reference to well or depth interval) to the laboratory, and duplicate 
samples were sent to determine the lab’s capability for repeatable results. Analytical 
values from duplicate samples were within 0.03 TOC weight percent, demonstrating 
excellent precision of the laboratory analyses (Appendix E). 
The solid black line in the far right track shows the TOC analyses data from 
Rigoris (2005). The TOC data have been smoothed from the raw 3-ft (0.9 m) interval 
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“square-wave” curve data using Recall® software (J. Carlson, 2004, pers. comm.). The 
raw TOC data, combined on approximately 3-ft (0.9-m) intervals, was resampled every 
0.1 ft (0.03 m) because some composite sample intervals occurred at odd depth 
increments. The resampled TOC data were smoothed by linear interpolation and then 
output at 0.5 ft (0.15 m) intervals using the Recall® software because digital gamma-ray 
log data were also on a 0.5 ft (0.15 m) depth increment.  
The Rigoris (2005) continuous TOC data line tracks between the spot sample 
analyses. The spot sample variation is probably attributable to high-frequency vertical 
variations in TOC content, rather than problems with analytical accuracy. This indicates 
that the continuous sampling method provides a more representative characterization of 
the TOC content than the spot sample approach. 
The Asquith Marker interval TOC content ranges from about 2 to 4 weight 
percent. There is good correlation between the TOC content and the gamma-ray log 




6.2.3. Delta Log R Analysis of Organic Content 
 
Delta log R analysis was performed on 9 wells that had digital gamma-ray, deep 
resistivity and sonic logs available. Four of the wells also had cored intervals available  
that were sampled for geochemical analyses (Rigoris, 2005). Figure 6.16 is a stratigraphic 
cross section datumed on the top of the Almond Formation showing the ∆ log R analysis. 
 The sonic (purple line) and deep resistivity (light blue line) log curves shown on 
Figure 6.16 have been rescaled so that a sonic interval transit time of 50 µsec/ft is equal 
to one resistivity logarithm cycle or decade. The sonic and resistivity curves were shifted 
so that the two curves directly overlie one another within the non source-rock interval 
between the base of the Asquith Marker and the Zero Bentonite to establish a baseline. 
The baseline was not adjusted to allow for compactional effects or for lithology changes.   
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Figure 6.16. Delta Log R analyses of the lower Lewis Shale and upper Almond Formation. The line of section is indicated by the blue line in Figure 6.1. Abbreviations: GR = normalized gamma-ray log; ILD = deep resistivity log; 
DT = sonic log; CORE TOC = total organic carbon (weight percent) of cored interval, data from Rigoris (2005); lithostrat. = lithostratigraphic; chronostrat. = chronostratigraphic.
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Potential organic-rich intervals are indicated by the red shading where there is 
separation and non-parallelism between the two curves. The separation, designated “∆ 
log R,” can be related to organic matter content by using the chart contained in Figure 
6.9. Total organic carbon (TOC) values from Rigoris (2005) are plotted with a heavy 
black line for the cored intervals in the same track as the sonic and deep resistivity logs. 
Normalized gamma-ray logs are plotted in the first track of each cross section well, with 
a constant 85 API unit cutoff used to control the yellow, clean-sandstone shading. The 
method used to normalize the gamma-ray logs is discussed in Section 6.2.4. The cross 
section was constructed using GeoPlus Petra® geologic software. 
 
 
6.2.4. Gamma-Ray Log Normalization 
 
 Log normalization is necessary to remove systematic errors from log data and 
provide for reliable rock property determinations in quantitative petrophysical studies. 
Systematic errors may result from variations in logging tool designs of different vintages 
or different vendors. Other factors that may contribute to systematic errors are faulty 
wellsite tool calibration, differences in borehole diameter or rugosity and differences in 
mud type and weight. Log normalization assumes that rock properties being evaluated are 
consistent throughout the study area. Regional gradients in rock properties pose a 
significant problem to many normalization processes because legitimate variations due to 
the gradients are minimized or eliminated by the normalization.  
 A technique commonly used to identify systematic errors is to display the 
frequency that log values occur within a given stratigraphic interval correlated between 
study area wells on histograms. Petcom PowerLog® software provides the ability to 
create multiple well histograms and permits shifting the data displayed on the histograms 
in order to produce normalized logs.  
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Multiwell histogram gamma-ray log normalization approaches are most effective 
in intervals containing two distinct rock types that generate a bimodal distribution (Shier, 
2004).  Suryanto (2003) and Rigoris (2005) both used Petcom PowerLog® software 
multiwell histograms to normalize Lewis Shale and associated interval gamma-ray logs. 
The 200 ft (67 m) interval above (Fox Hills Sandstone) and below (Almond Formation) 
the Lewis were included in the normalization process because these intervals contain 
sandstones deposited in shallow- marine environments. Sandstones deposited in these 
environments are generally shale-free or “clean” due to the winnowing effects of wave 
activity. Sandstones within the Lewis Shale interval are not as useful for normalization 
purposes because they may be of variable shale content due to deposition in a variety of 
shelf- to basin-floor-environments (Suryanto, 2003).  The clean, shallow-marine 
sandstones produce one gamma-ray histogram peak, whereas relatively silt-free and 
organic-rich deep-water shales within the Lewis Shale produce a second peak. When 
histogram peaks are aligned on a Petcom PowerLog® multiwell display, log data are 
shifted a corresponding amount, resulting in normalized gamma-ray data. 
 
 
6.2.5. Normalized Gamma-Ray Logs Compared to TOC Content 
 
Petcom PowerLog® gamma-ray log multiwell histogram normalization was 
performed as part of this study on the 9 wells that were sampled by Rigoris (2005).   
Cumulative frequency curves are shown plotted with the histograms (Figure 6.17), with 
vertical lines indicating the cumulative frequencies corresponding to 2 and 95%. These 
cumulative frequencies were chosen because they resulted in the best correlation when 
compared to total organic carbon (TOC) data. Petcom PowerLog® software was used to 
automatically align the cumulative frequency curves at 2 and 95% for all of the wells, 
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the Petcom PowerLog® software utilized manual shifting of the histograms, but proved 
more time-consuming and did not produce peaks with better alignment. 
Evaluations of the normalization results were obtained by comparing the 
processed gamma-ray log data output from Petcom PowerLog® to TOC data. Normalized 
gamma-ray log data were exported to Microsoft Excel® and plotted versus depth-shifted, 
smoothed and edited TOC data (Figure 6.18). Depth-shifting was performed using 
GeoPlus Petra® software by aligning upper Almond Formation sandstone contacts 
evident in the cores to sandstone deflections on gamma-ray logs. Core gamma-ray logs 
are available for some wells (Champlin 276D#1, CSM Strat. Test #61, Creston Unit #36-
4 and Champlin 445 Amoco #1) and were also used for depth-shifting. Depth-shifts 
performed over core intervals that consist of rubble are probably not accurate, but the 
rubble interval data are included in the analyses except as indicated below. Rigoris (2005) 
indicated the cored intervals that consist of rubble in her core sample inventory 
(Appendix E) and core descriptions. 
Seven TOC data points out of the total 805 points were removed from this 
analysis because of anomalously high values from the Champlin 438 Amoco A#1 well 
(Figure 6.4). The high TOC values are probably due to mishandling of the core sample 
from 9519-9521 ft, which consisted of rubble stored in plastic bags (Rigoris, 2005, her 
Figure 3.13). This sample could have been contaminated by including coals or 
carbonaceous shales from the underlying Almond Formation. 
The correlation coefficient obtained for the best-fit line between un-normalized 
gamma-ray logs and smoothed TOC data is r2 = 0.66. Rigoris (2005) evaluated gamma-  
ray logs that were normalized using different cumulative frequency curve pairs (2-98%, 
3-97%, 4-96%, 6-94%, 7-93%, 8-92%, and 10-90%) to align the multiwell histograms.  
Rigoris (2005, her Figure 5.2) determined the gamma-ray log normalized with the 4-96% 
pair had the best correlation coefficient (r2 = 0.76). This study determined the best 
correlation coefficient (r2 = 0.78) resulted from the gamma-ray logs normalized by 
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the CSM Strat. Test #61 well are not normalized for this correlation because the well did 
not penetrate either the Fox Hills Sandstone and Almond Formation intervals necessary 
to provide a clean sandstone gamma-ray log peak for the normalization process. 
TOC values were re-determined on the Champlin 446 Amoco A#1 samples 
because of their advanced thermal maturity using a LECO dry combustion carbon 
analyzer (Figure 6.5). The revised Champlin 446 Amoco A#1 TOC values were included 
in a comparison between TOC data and normalized gamma-ray values, but resulted in a 
lower correlation coefficient. The correlation shown in Figure 6.18 uses the TOC data 
from Rock-Eval® analyses. 
The equation for the best-fit line determined by linear correlation analysis 
indicated by the black line shown in Figure 6.18 is: 
 
 Rock-Eval® TOC = 0.0328GR – 2.8436     (6.1) 
 
The ability to predict TOC content using Equation 6.1 was tested by comparing 
calculated TOC to measured TOC in the Asquith Marker interval of the Champlin 276 
D#1 core.  The gamma-ray data used for calculating TOC with Equation 6.1 is from the 
un-normalized log that was run with the density-neutron tool. The correlation coefficient 
obtained for the best-fit line comparing the calculated and measured TOC is r2 = 0.99 
(Appendix E). This suggests that Equation 6.1 accurately predicts the TOC content over 
the Asquith Marker interval in the only cored well with measured TOC data available.  
Another approach to assess the ability of Equation 6.1 to predict TOC values was 
to compare the average TOC content of the Champlin 276 D#1 Asquith Marker interval 
determined from measured and calculated TOC values. The average TOC was 
determined by multiplying the TOC value (in weight percent) by half-ft (0.15 m) depth 
increments, and dividing the sum of the products by the total thickness of the Asquith 
Marker interval. This method of calculating average TOC content (Equation 6.2) is 
similar to the method described in Curtis and Faure (1997). 
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 TOCavg = ∑ (TOC, wt. %)(Interval thickness) / Total thickness (6.2) 
 
The average TOC of the Champlin 276 D#1Asquith Marker interval determined 
by calculation with Equation 6.1, using the un-normalized gamma-ray log run with the 
density-neutron tool, and Equation 6.2, is 2.9%.  The average TOC determined for this 
interval using Equation 6.2 and measured (Rock-Eval®) data is 3.1%, regardless of 
whether the TOC data are raw or smoothed (Appendix E). The 2.9% to 3.1% difference 
in the Asquith Marker interval TOC average is 7.3%, indicating that using Equations 6.1 
and 6.2 may result in TOC average values that are somewhat inaccurate. This inaccuracy 
is in contrast to the excellent correlation coefficient determined between the calculated 
and measured TOC values noted above.  
 
 
6.2.6. Lower Lewis Shale Gamma-Ray Log Analysis 
 
Regional variations in average TOC content of the Asquith Marker interval can be 
mapped using the relationships expressed by Equations 6.1 and 6.2.  The normalization 
method used to calibrate gamma-ray logs with core TOC data described in Section 6.2.4 
has the undesired effect of minimizing valid log variations caused by regional gradients 
in rock properties. Therefore, it was necessary to utilize an alternate methodology to 
identify problematic gamma-ray log data prior to Asquith Marker average TOC mapping. 
The Asquith Marker occurs within the lower Lewis Shale interval between the 
Weimer Marker Bentonite and the Zero Bentonite (Figure 6.4).  The lower Lewis Shale 
interval is a time-stratigraphic unit as both upper and lower bounding surfaces are 
isochronous. It is appropriate to utilize a time-stratigraphic framework for this gamma-
ray log data analysis because regional gradients in rock properties were controlled by 
processes that were simultaneously active during lower Lewis Shale deposition. 
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Digital gamma-ray logs of portions of the Lewis Shale are available from 586 
wells in the study area. The digital gamma-ray logs were provided by industry sponsors 
of the CSM Lewis Shale Consortium (BP, Ensign Oil and Gas, Inc., Tom Brown, Inc., 
Baker Atlas, and Center Line Data), digitized as part of CSM Lewis student studies using 
software provided by Neuralog® from raster log images provided by MJ Systems® 
(Minton, 2002; Suryanto, 2003; Gonzalez, 2003; this study) or downloaded from the 
Wyoming Oil and Gas Conservation Commission website. A number of obvious 
problems include: incomplete coverage of the lower Lewis Shale interval of interest; 
multiple logging runs that mistie; cased-hole or very old data. Such problems were  
identified in 217 wells. A histogram of the lower Lewis Shale interval gamma-ray log 
data from the remaining 369 wells is shown in Figure 6.19.  Note that the histogram is 
unimodal because there is essentially no sandstone within the lower Lewis Shale interval 
(Figure 6.4). 
Two commonly used statistical measures to describe sample populations, the 
mean and mode, are indicated on the histogram (Figure 6.19). The mean, or arithmetic 
average, is the sum of all gamma-ray values divided by the total number of values. The 
mode is the gamma-ray value that occurs with the greatest frequency. The mean and 
mode are compared to the lower Lewis Shale log response for the Champlin 276 D#1 
well (Figure 6.20). The red and blue lines denoting the gamma-ray log statistical 
measures (Figure 6.20) indicate that the mode more closely approaches the “shale-line” 
than the arithmetic average. The “shale-line” is a visual estimate of the most frequently 
occurring gamma-ray response in shales. The arithmetic average is shifted to the right of 
the “shale-line” as a result of the higher values the Asquith Marker interval. The modes 
were also closer to the “shale-line” than the mean for all of the other 368 study wells, 
except in cases where the gamma-ray log values approximated a normal distribution and 
both the mode and arithmetic averages were equal. 
Gamma-ray modes were mapped for the 369 study wells and superimposed on an 


























































































































































































































































































































































































































































































































































































Figure 6.21. Lower Lewis Shale interval map of gamma-ray log modes (color-filled 
contours) for 369 wells indicated by black dots and gross interval isopach (Figure 3.15). 
Isopach contour interval = 50 ft (15 m). Dashed lines indicate regions discussed in text. 
Lewis Shale outcrops (green areas) from Green (1992) and Green and Drouillard 
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sets facilitates a comparison between gamma-ray log response and regional isopach map 
patterns. These patterns suggest there are three regions where gamma-ray log response 
appears to be related to the isopach map, indicated by the dashed lines on Figure 6.20. 
The northern region encompasses an area where the thickest lower Lewis Shale 
development occurs and the gamma-ray modes are generally lower (“cleaner”). The most 
uniform and thin lower Lewis Shale development and generally higher gamma-ray modes 
occur in the central region. The southern region exhibits variable thickness development 
in the lower Lewis Shale and gamma-ray modes that tend to be lower.  
Lower Lewis Shale interval gamma-ray log data was divided into three regions 
and new modes were determined for each area (Figure 6.22). These modes were used to 
screen the wells for inclusion in the Asquith Marker average TOC mapping. Sixty six 
wells had modes equal to those determined for their respective region.  Wells with modes 
not equal to their regional values were not included because of probable gamma-ray log 
calibration issues.  
Minor additional editing of the TOC average data was performed after 
constructing preliminary contour maps. It was necessary to eliminate 2 wells from the 
map because of problems caused by log splices within the Asquith Marker interval. TOC 
averages were recalculated for a few wells because correlations of the Asquith Marker 
top or base were incorrect and resulted in anomalous TOC averages. 
 
 
6.2.7. Asquith Marker Average Total Organic Carbon  
 
 The average total organic carbon (TOC) of the Asquith Marker interval and the 
isopach for the lower Lewis Shale interval are shown together on a map because they are 
probably related (Figure 6.23). The central region of the map, where the lower Lewis 
Shale is uniformly thin, has the highest average TOC values. The northern and southern 
map regions have lower TOC values. 
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Figure 6.22. Histogram of gamma-ray log values for lower Lewis Shale interval from 
369 wells in three regions. Regions are shown on Figure 6.21. The blue dashed lines 
indicate means (arithmetic averages) and the red dashed lines indicate modes. 
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Figure 6.23. Asquith Marker average total organic content (TOC) in weight percent   
(color-filled contours) and lower Lewis Shale gross interval isopach (Figure 3.15). 
Isopach contour interval = 50 ft (15 m). Lewis Shale outcrops (green areas) from Green 
(1992) and Green and Drouillard (1994). Lewis Shale fields (pink areas) based on data 
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Some of the variations in average TOC values evident on the Figure 6.23 map are 
attributable to thin sandstones that occasionally occur within the Asquith Marker interval. 
The sandstones cause the average TOC values to be appreciably lower, but efforts to 
reduce this effect by editing the data were not successful.   
 
 
6.2.8. Organic Content of Shales Associated with Hay Reservoir “F” Sandstone 
 
Rigoris (2005) collected shale samples from 4 cored wells in the Hay Reservoir 
field area to assist with this study (Figure 6.24), using the same continuous sampling 
procedure described in Section 6.2.2. The samples were collected from 35.6 ft (10.8 m) 
of core and were combined into 14 intervals, each composite sample averaging 
approximately 3-ft (0.9-m) thick. The samples, including one duplicate, were submitted 
to the HGS laboratory without well or depth references (“blind”) for Rock-Eval® 
pyrolysis. Results are tabulated in Appendix E and shown graphically in the core 
descriptions contained in Appendix B.  
The samples collected from the HRU #50, HRU #53 and HRU #57 cores occur in 
association with the “F” sandstone (Figure 6.25), the key reservoir interval at Hay 
Reservoir field. Two of the sampled intervals from the HRU #50 are from separate shales 
interbedded with the “F” sandstone, 1.5 and 2 ft (0.5 and 0.6 m) thick. The shale interval 
below the “F” sandstone was sampled in the HRU #50 and HRU #53 cores. The shale 
interval above the “F” sandstone was sampled in the HRU #57. The Bush Lake #5 core 
sample was obtained above a sandstone unit that occurs stratigraphically lower than the 
“F” sandstone (Figure 6.25).   
The Lewis Shale associated with the “F” sandstone at Hay Reservoir field 
contains an average of 2.11 weight percent TOC (n = 15 samples). The 2 samples from 
the HRU #50 are from shales interbedded with the “F” sandstone (Figure 6.24), and 




















































































































































































































































































































































































































































































































































































































































































































































































































































   264 
HRU #50 and HRU #53 cores (Figure 6.24), and averaged 2.3 weight percent TOC. 
Shales above the “F” sandstone were sampled in the HRU #57 and Bush Lake #5 wells, 





Seals and thermally mature organic-rich source rocks are essential for the 
development of commercial petroleum accumulations. Seal and source-rock 
characterization are therefore necessary to determine the exploration potential for 
undiscovered resources.  
 
 
6.3.1. Seal Capacity 
 
The CSM Strat Test #61 well mudrock sample porosities are significantly higher 
than sandstone porosities in most Lewis Shale fields (Thyne et al., 2003). The high 
porosities may indicate that the CSM Strat Test #61 samples have been subjected to 
limited burial compaction or that surface weathering resulted in diagenetic alteration. 
Many of the samples that Almon et al. (2001, 2002, 2003) used to interpret seal capacity 
were from the CSM Strat Test #61 well. The anomalous porosities of the CSM Strat. Test 
#61 mudrock samples cast doubts on the absolute values of seal capacity in the Almon et 
al. (2001, 2002, 2003) studies. However, the relative seal capacities of the various 
microfacies identified by Almon et al. (2001, 2002, 2003) may be valid elsewhere in the 
study area. A rock property not discussed by Almon et al. (2001, 2002, 2003) is the 
susceptibility of each microfacies to brittle failure, which would significantly reduce the 
microfacies seal effectiveness. 
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6.3.2. Thermal Maturity of the Asquith Marker 
 
Linear regression analyses of measured and Rock-Eval® Tmax-derived vitrinite 
reflectance data resulted in significantly different values for the Asquith Marker thermal 
maturity where both data were available at 2 locations in the study area (Figure 6.13). 
Asquith Marker thermal maturity in the Hay Reservoir area determined from the equation 
for the best-fit line through 7 measured vitrinite reflectance points is 0.93 %Ro. In 
contrast, the best-fit line equation for 11 Tmax-derived vitrinite reflectance points yields a 
value of 1.18 %Ro, a difference of 0.25 %Ro. Utilizing the measured vitrinite reflectance 
value of 0.93 %Ro for the Figure 6.15 map interpretation allowed for smoother Asquith 
Marker thermal maturity contours that parallel the structural contours.  
The Asquith Marker thermal maturity determined from 2 measured vitrinite 
reflectance values at the Rawlins outcrop is %Ro = 0.40 (Figure 6.13). The average for 
Asquith Marker outcrop sample Rock-Eval® Tmax –derived vitrinite reflectance values 
from Pyles (2000) and Lewan (2003, pers. comm.) is %Ro = 0.62, a difference of 
0.22%Ro. It is difficult to establish the Rawlins outcrop thermal maturity relative to the 
Great Divide basin to the west. This is because the Rawlins outcrop is located on the 
hanging wall of a fault block that probably experienced a different burial history than the 
basin (Figure 6.15, Figure 3.13).  The different burial history of the 2 areas is supported 
by utilizing the measured vitrinite reflectance value of 0.40 %Ro at the Rawlins outcrop. 
The deepest parts of the Great Divide, Washakie and Sand Wash basins are the 
areas where the Asquith Marker is the most thermally mature. The color-filled thermal 
maturity contours are generally sub-parallel to the structural contours in these deeper 
areas, indicating basin subsidence in these areas was fairly straightforward.  
The Asquith Marker thermal maturity contours could not be forced to parallel the 
structural contours in 2 areas of the Figure 6.15 map. These areas are both located near 
faulted basin margins, on the northeastern side of the Great Divide basin and the 
southwestern side of the Sand Wash basin. This non-parallel relationship suggests that 
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tectonic influences associated with faulting may have impacted the burial histories of 
these 2 areas. The 2 faulted basin margin areas are less thermally mature than structural 
elevation-equivalent, more basinward areas. This may have resulted from slower 
subsidence or earlier uplift in the 2 faulted basin margins relative to the basinward areas. 
Another factor that could have caused the non-parallel relationship between the thermal 
maturity and structural contours in the faulted basin margin areas is different geothermal 
gradients, but this was not investigated.   
The approximate area enclosed by the 0.8 %Ro contour (the line between the 
yellow and light orange color-filled areas on Figure 6.15) has been characterized by 
several studies as overpressured and gas-saturated (McPeek, 1981; Law, 1984; 
Pawlewicz et al., 1986; Suryanto, 2003; Hettinger and Roberts, 2005).  The area enclosed 
by the 0.8 %Ro contour has the best potential for significant undiscovered Lewis Shale 
gas resources, estimated to contain about 8.8 TCFG (95% probability) with potential for 
development in the next 30 years (Hettinger and Roberts, 2005). New discoveries in this 
area are likely to occur in low permeability sandstones in stratigraphic traps. 
The most productive Lewis Shale reservoir, Desert Springs field (T21N, R98W), 
and several other normally pressured, conventional reservoir Lewis Shale fields are 
located outside of the area enclosed by the 0.8 %Ro contour (Figure 6.15). Hettinger and 
Roberts attributed only 0.1 TCFG (95% probability) undiscovered Lewis Shale resource 
potential in the areas with lower than 0.8 %Ro values. New discoveries in this area are 
likely to occur in conventional sandstone reservoirs within stratigraphic traps. 
 
6.3.3. Burial History 
 
Burial history studies demonstrate that gas generation commenced in the Great 
Divide basin 7 million years prior to the time generation started in the Washakie basin 
(Roberts et al., 2004, 2005), (Figure 6.12). This is because subsidence in the Great Divide 
basin started earlier than in the Washakie basin. The Asquith Marker is currently more 
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thermally mature in the deep Washakie basin than the Great Divide basin because it was 
subjected to greater burial during the Eocene (Figure 6.12, Figure 6.15). The differences 
in timing of gas generation between the Great Divide and Washakie basins should be 




6.3.4. Source-Rock Quality 
 
Source-rock characteristics are conventionally determined with well sample 
geochemical analyses, but wireline log data may also be used if properly calibrated. The 
∆ log R technique described by Passey et al. (1990) does not provide an accurate 
assessment of TOC variations in the study area Lewis Shale (Figure 6.16). This is 
especially true in the Champlin 276 D#1 well, where measured core TOC values show 
that the Asquith Marker interval is a good source rock. The poor results provided by the 
∆ log R technique may be attributable to a complex burial history (deep burial followed 
by exhumation) that adversely affected the sonic log response (Shanley, 2005, pers. 
comm.).   
Yurewicz et al. (2003) also determined that the ∆ log R technique did not provide 
accurate TOC assessment in the Piceance basin Mesaverde group, but they attributed the 
problem to poor borehole conditions and lack of thick continuous shales in the 
continental depositional setting. The complex burial history of the Piceance basin cited 
by Yurewicz et al. (2003, their Figure 7), may have resulted in sonic log responses that 
adversely affected the ∆ log R analysis.  
The proposal by Dolloff and Lancaster (2001) for bypassed pay potential in the 
Lewis Shale in the Sand Wash basin is not well founded. As noted previously (Section 
6.1.3.4), log evaluation of source-rock intervals must be performed with caution, 
particularly with regard to calibration. The analogy between the Lewis Shale of the Sand 
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Wash and San Juan basins is not valid because they were deposited during different time 
periods under different depositional conditions. It is unfortunate that they share the same 
name, because this implies some equivalency, which is not the case. Proper assessment of 
the Sand Wash basin Lewis Shale potential should include: 1) logs properly calibrated for 
source-rock assessment, and; 2) more definitive identification of microfractures through 
core analyses, pressure transient analyses, borehole imaging, or crossed dipole sonic logs.   
Gamma-ray logs seem to be a good indicator of lower Lewis Shale interval TOC 
content where continuous geochemical sampling methods are used (Figure 6.18).  The 
relationship between TOC and gamma-ray log values expressed by Equation 6.1 and 
Equation 6.2 may be applied with caution to estimate average TOC values in the lower 
Lewis Shale interval within the central region of the study area (Figure 6.23).  The 
correlation between gamma-ray response and TOC in the Asquith Marker interval may be 
improved if errors resulting from incorrect depth assignments to rubble intervals in the 
Champlin 276 D#1 core are corrected.  
The Champlin 276 D#1 Asquith Marker interval core is the only one available to 
calibrate gamma-ray logs, which limits the ability to confidently extrapolate the core-to-
log relationship across regions where depositional conditions, inferred by varying isopach 
map trends (Figure 6.21 and Figure 6.23), were undoubtedly different. Another factor that 
adversely impacts estimations of TOC content is the variation in Asquith Marker thermal 
maturity in the study area (Figure 6.15). The Champlin 276 D#1 calibration well had a 
relatively low maturity (%Ro = 0.62) compared to most of the study area. Areas that have 
higher thermal maturities relative to the Champlin 276 D#1 well probably have lower 
present-day TOC content due to more advanced degradation of the organic matter 
accompanied by petroleum expulsion from the source rock.  
The Asquith Marker average TOC map (Figure 6.23) should be viewed as an 
approximation, with the limitations noted above. Regional variations in the Asquith 
Marker average TOC content indicated on the map are reasonable when the proximity to 
clastic sources are considered. The central region of the map, where the lower Lewis 
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Shale isopach is the thinnest, received the least clastic input. The area with the highest 
Asquith Marker average TOC is coincident with the area of least clastic input (Figure 
6.23), providing a consistent interpretation.  
The TOC content and thermal maturity of the mudrocks associated with the “F” 
sandstone indicates they may have been an important local petroleum source for the Hay 
Reservoir field.  Local sources associated with other Lewis Shale reservoirs may be 
partially responsible for the production variations that have been observed (Table 4.1). 
 The poor correlation between field locations compared to Asquith Marker 
thermal maturity (Figure 6.15) and average TOC content (Figure 6.23) suggests that long- 
distance migration paths existed from basin center to flanks. Migration along fault paths 
is possible. A full-scale basin analysis identifying seals, likely flow paths and trap testing 
is recommended. The genetic relationship between Lewis Shale field production and 
potential source-rock intervals has not been established and requires further investigation.  
The genetic relationship between Lewis Shale field production and potential 
source-rock intervals has not been established and requires further investigation.  
Wet-gas carbon isotopes from Lewis Shale field production should be determined to 
provide data for correlation (James, 1990) to possible source rocks. Analyses of oil and 
condensate pristane/phytane ratios may help determine if terrigenous or coal source-rocks 
contributed to Lewis Shale production (M. Lewan, 2007, pers. comm.).  
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CHAPTER 7 




 The petroleum-system approach establishes the relationship between the 
petroleum-system components (source, reservoir, seals and overburden) and processes 
(generation, migration, entrapment and preservation). This study provides the 
stratigraphic context for a petroleum-system characterization of the Lewis Shale in the 




7.1. Lewis Shale Stratigraphy 
 
Previous stratigraphic studies of the Lewis Shale present an evolving description 
of the depositional history. The lower Lewis Shale is generally agreed to be the product 
of deposition during relative sea level rise. A laterally continuous marker bentonite near 
the top of the lower Lewis Shale, the Weimer Marker Bentonite, was correlated 
throughout the eastern GGRB and provides the basis for new structure and isopach maps. 
The Weimer Marker Bentonite structure map was produced using a consistent correlation 
scheme and an iterative cross-section-to-map approach facilitated by GeoPlus Petra® 
geological software. The structure map encompasses all previous mapping and, for the 
first time, extends basinwide. Good agreement between the structure map of this study 
and structure maps from previous studies provides support for the Weimer Marker 
Bentonite correlations.  
An isopach map of the interval between the Weimer Marker Bentonite and the 
deepest bentonite identified in the lower Lewis Shale distinguishes anomalies that 
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suggest syndepositional tectonics performed a locally significant but widespread role in 
controlling sediment-dispersal patterns. Wedge-shaped intervals in the Great Divide and 
Washakie basins, defined by laterally continuous regional correlations in the middle and 
upper part of the Lewis Shale, have frequently been interpreted as clinoforms that 
resulted from shelf-slope-basin depositional topography. An alternate interpretation 
proposed by this study is that differential basin subsidence was responsible for producing 
the wedge-shaped intervals. 
 
 
7.2. Reservoir Characterization 
 
 Ten lithofacies were identified in the Hay Reservoir field area cores. The 
generally structureless sandstone lithofacies (SSgs) was deposited as sediment gravity 
flows and is the dominant rock type, comprising about 40 to 90 percent of the cored 
intervals. No significant textural or mineralogical differences were detected when 
comparing SSgs lithofacies core descriptions from different parts of the field. This 
lithofacies has the best reservoir characteristics. 
Optical estimates of epoxy-filled porosity in thin sections were determined 
visually and with digital image analysis.  Optical-based porosity estimates were 
consistently less than core-plug measured porosities. This is attributed to microporosity, 
which may comprise more than 50% of total porosity. 
Early gas charging may have prevented diagenetic alteration of the paleostructural 
updip portion of the key reservoir sandstone at Hay Reservoir field. Petrographic 
analyses of one thin section from the core at the lowest paleostructural position contained 
the most pore-lining illite clay of all Hay Reservoir thin sections that were examined.  
Natural fractures were identified in all of the Hay Reservoir area cores. The 
identification of fractures with different orientations with respect to each other suggests 
that the stress regime responsible for the fractures changed over time. It is possible that 
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fractures in the paleostructural low portion of the reservoir (southeast) are oriented 
differently than the fractures in the paleostructural high portion of the reservoir 
(southwest). The present-day stress regime may result in the fractures oriented towards 
the southwest being open and conduits to flow, whereas the fractures oriented to the 
southeast are closed and flow barriers. No borehole image logs, crossed dipole logs, or 
seismic data were available to determine the orientation or density of the fractures. 
 
 
7.3. Source-Rock and Seal Characterization 
 
Six argillaceous microfacies have been described from a limited sample set of 
Lewis Shale mudrocks. The microfacies are distinguished on the basis of compositional, 
textural, petrophysical, and capillary-seal properties, and are interpreted to occupy 
specific positions within a sequence-stratigraphic context.  
The continuous core sampling methodology for total organic carbon (TOC) 
determination produced good correlations to normalized gamma-ray logs. This 
methodology allowed development of a regional Asquith Marker average TOC map from 
gamma-ray logs in 65 wells.  Thermal maturity of the Asquith Marker was estimated 
from vitrinite reflectance analyses of carbonaceous shales within the Lewis Shale and 
coals from associated intervals. These analyses demonstrate that the Asquith Marker 
interval contains sufficient organic matter at appropriate levels of thermal maturity to 
have generated petroleum. Mature organic-rich shales are also found above the Asquith 
Marker closely associated with the key sandstone reservoir at Hay Reservoir field.  
Lewis Shale field petroleum production may be sourced from condensed sections 
or may originate from coal-bearing intervals in the underlying Almond Formation or 
overlying Lance and Fort Union Formations. Variations in Lewis Shale field production 
characteristics suggest that more than 1 source rock may be responsible for generating the 
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petroleum, but a genetic relationship between production and potential source-rock 
intervals has not been established.  
Condensed-section organic-rich laminated shales have the best sealing capacity 
based on high-pressure mercury injection analyses, but only a limited sample set of Lewis 
Shale mudrocks has been tested. The majority of samples evaluated for seal capacity 
were from the CSM Strat #61 well, which had abnormally high porosity and permeability 
compared to other Lewis Shale core analyses. 
 
 
7.4. Recommendations for Future Research 
 
Interpretation of Lewis Shale sandstone isopach maps should consider the roles 
that local tectonics and differential basin subsidence may have played in controlling 
sandstone distribution patterns. Multiple paleocurrent orientations have been inferred 
from vertically stacked sandstone units in the same area, thereby indicating that 
sandstone geometries may change over relatively short time intervals. 
The paleostructural model developed at Hay Reservoir field provides a relatively 
simple explanation for production variations. Additional petrographic analysis is 
recommended for other thin sections from paleostructurally low positions to determine if 
they also contain relatively abundant pore-lining illite clay. Other analyses, including 
mercury injection capillary pressure analysis (MICP) and scanning electron microscopy 
(SEM) of core samples, are recommended to provide information on pore-lining clays 
and pore-throat geometries that could also explain differences in well performance.  
The paleostructural model may also be applicable to other Lewis Shale fields on 
the southwest flank of the Great Divide basin and should be considered in future field 
development evaluations. This model may also be useful as an exploration tool in 
sandstones that have had unsuccessful tests, but have not been evaluated in their 
paleostructural highest positions. 
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The possible role of natural fractures in controlling production at Hay Reservoir 
field requires further evaluation. It is recommended that fracture intensity and orientation 
be evaluated with borehole image or crossed-dipole sonic logs. Analysis of seismic data 
is recommended to determine if fractures are associated with small-scale faults that could 
not be resolved with the available well control. Seismic data analysis may also provide 
information about variations in fracture intensity or orientation and be useful in the 
identification of possible reservoir compartments. 
Additional continuous core sampling of the Asquith Marker and other potential 
source-rock intervals should be performed to calibrate gamma-ray logs with core TOCs. 
Samples are particularly necessary in the northern and southern regions of the study area, 
where the lower Lewis Shale isopach map indicates that depositional conditions were 
different than in the central region location of the single Asquith Marker interval core 
used for calibration. 
Source to petroleum correlation analyses are necessary to establish a genetic 
relationship between Lewis Shale production and potential source-rock intervals. 
Additional burial-history studies in closer proximity to production would provide more 
reliable estimates for the timing of reservoir charging relative to source-rock generation. 
Analyses of seal capacity should include samples of shales associated with 
sandstones in productive fields. The poor correlation between field locations compared to 
Asquith Marker thermal maturity and average TOC content suggests that long-distance 
migration paths existed from basin center to flanks. Migration along fault-controlled flow 
paths is possible. A full-scale basin analysis identifying seals, likely flow paths, and trap 
testing is recommended.  
The genetic relationship between Lewis Shale field production and potential 
source-rock intervals has not been established and requires further investigation. 
Determination of Lewis Shale field wet-gas carbon isotope composition or pristane/ 
phytane ratio analyses of oil and condensate may provide data for correlation to potential 
source rocks. 
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